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ABSTRACT

The Nandewar alkaline volcano lies to the west of the New England 

Tableland, on the western margin of the Border Thrusts which separate 

the eastern folded and faulted rocks from the relatively undisturbed 

rocks to the west and which localised the later volcanism.

The basement of the volcanic complex consists of orogenically folded 

Carboniferous routes, separated by the Border Thrusts from flat-lying 

Permian Lower Coal Leasures overlain by Triassic rocks.

The mountains proper are the remains of a Tertiary alkaline volcano 

which consisted of a braod basaltic shield with well-defined flows 

dipping away from the centre. Basaltic and trachyandesitic flows form 

most the volcanic pile now exposed, but some of the youngest coulees 

are trachytic. The volcano is now a mature erosional caldera.

Within the caldera dykes, stocks, plugs, sills and domes of trachyte 

intrude the deformed country rocks and the remnants of the basaltic 

shield. The trachytes represent the waning stages of ac activity.

Sills of teschenite intrude both Permian and mesozoic sediments 

and these show the same differentiation trends as the Black Jack G-unnedah 

sill. A very fine grained chilled contact teschenite is more basic than 

the Black Jack contact rocks.

A sill of analcitite intrudes Permian sediments near Bullawa creek, 

and at least 60 per cent of the sill consists of ultrabasic xenoliths 

and xenocrysts. An analysed diopside xenocryst initially formed under 

granulite facies conditions, and a phlogopitic biotite formed in a high 

temperature, ultrabasic environment. The analcitite matrix consists of 

titanaugite set in a base of analcite, nepheline and felspar.
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The teschenites and analcitite are strongly undersaturated, in 

contrast to the later basalt and trachyandesite extrusive rocks.
The basaltic shield of the volcano consists of a large number 

of flows, with very little sign of explosive activity. The bulk of 

the flows are trachyandesites, and olivine basalts and basalts are 
subordinate. Three groups of basaltic rocks exist: porphyritic

olivine basalts, ’big felspar’ basalts and trachyandesites.
The ‘big felspar' basalts are very distinctive in hand specimen 

because of the abundant plagioclase phenocrysts. The trachyandesites 

are usually nonporphyritic, although microphenocrysts of plagioclase 
can appear.

The porphyritic olivine basalts consist of phenocrysts of olivine, 
titanaugite ana plagioclase, set in a groundmass of plagioclase, 
clinopyroxenes and magnetites. The 'big felspar’ basalts consist of 
large plagioclase phenocrysts set in a groundmass of clinopyroxenes, 
plagioclases and magnetites. The trachyandesites consist of small 
laths of plagioclase, together with augites and magnetites, with a 
trachytic flow structure. The presence of potash oligoclase and calcic 
anorthoclase is suspected in these rocks.

The trachytes have been divided into the two felspar types 
(plagioclase + alkali felspar) and one felspar types (alkali felspar 

alone) • The two felspar trachytes possess tvtfo successive members of 
the felspar fractionation sequence, a potash oligoclase and calcic 

anorthoclase, whereas the one felspar trachytes and comendites have 

one felspar of the minimum melting composition Ab^Or .
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Two f e l s p a r  t r a c h y te s  have p h e n o c ry s ts  o f  o l ig o c la s e  and a n o r th -  

o c l a s e ,  b o th  zoned and rimmed w ith  a l k a l i  f e l s p a r ,  and a l b i t e s  and 

f e l s p a r  l a t h s ,  p a le  g re e n  a u g i te  c r y s t a l s ,  t i ta n o m a g n e ti te s  and pseudo - 

morphs a f t e r  o l i v in e  i n  th e  groundm ass. Stumpy and rhom boidal f e l s p a r s  

a r e  t y p i c a l  in  th e s e  ro c k s .

The one f e l s p a r  t r a c h y te s  have s a n id in e  -  a n o r th o c la s e  pheno- 

c r y s t s  s e t  in  a groundm ass o f  f e l s p a r  l a t h s  o f  th e  same com p o sitio n  

(A u^G r ) .  The f  errom agnesian  m in e ra ls  a r e  h e d e n b e rg ite  ( a s  p h e n o c ry s ts ) ,  

o r  a e g e r in e - a u g i t e  (a s  i n t e r s t i t i a l  groundmass c o n s t i t u e n t s ) , c o s s y r i t e ,  

and r i e b e c k i t e - a r f v e d s o n i t e ,  to g e th e r  w ith  some m a g n e tite . K a to p h o r i t ic  

am phibole has been  d e te c te d .

I n  th e  co m en d ite s , o n ly  a l k a l i  f e l s p a r  and q u a r tz  a re  p r e s e n t .

T hese ro c k s  a re  u s u a l ly  p o r p h y r i t i c .

The o l i v i n e s ,  w hich a r e  q u i te  s c a rc e  i n  th e  a lk a l in e  ro c k s  a re  

r e l a t i v e l y  i r o n - r i c h ,  b u t do n o t p e r s i s t  beyond th e  m idd le  s ta g e  o f  

d i f f e r  e n t i a t i o n .

The p y roxenes a r e  p re s e n t  i n  a l l  th e  ro c k s  excep t th e  com en d ite s .

The t r e n d  shown by th e  clinopyroxerj.es from  th e  b a s a l t s  and t r a c h y te s  

i s  from  a i o p s i d ic  a u g i te s  s t r a i g h t  a c ro s s  th e  D i-H e-En-Fs q u a d r i l a t e r a l  

p a r a l l e l  to  th e  Di-He jo in  tow ards h e d e n b e rg ite . Only in  th e  l a t e s t

s ta g e s  o f  d i f f e r e n t i a t i o n ,  in  th e  i n t e r s t i t i a l  a e g e r in e - a u g i te s ,  does 

3+NaFe-' en rich m en t o c c u r , and a f i n a l  co m p o sitio n  o f  He_,.Ac_^ o c c u rs .pQ 50
Low p a r t i a l  p r e s s u re s  o f  oxygen u n t i l  th e  l a t e s t  s ta g e s  a r e  in d ic a te d .

C o s s y r i te  i s  common in  some o f  th e  t r a c h y te s ,  and i t  has l a r g e  

am ounts o f  f e r r o u s  i r o n .  The c o n d i t io n s  le a d in g  to  th e  appearance  o f
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c o s s y r i t e  a re :  p e r a l k a l i n i t y , low p a r t i a l  p r e s s u r e s  o f  oxygen, and

c o n c e n tra t io n  o f  TiO^.

T ita n o m a g n e tite s  a re  common i n  a l l  th e  a lk a l in e  ro c k s  excep t th e  

co m en d ite s . T here i s  l i t t l e  en richm en t in  FeTiQ^ i n  th e  b a s a l t s  and 

t r a c h y a n d e s i t e s , b u t in  th e  two f e l s p a r  t r a c h y te s  en richm en t in  th e  

FeTiO_ component i s  in d ic a te d  by e x s o lu t io n  la m e lla e  o f  i lm e n i te  and 

by th e  u n i t - c e l l  d im en sio n s. The t i ta n o m a g n e ti te s  from  th e  c o s s y r i t e  

t r a c h y te s  app roach  pu re  m a g n e tite . The ab sen ce  o f  h e m a tite  i n d i c a te s  

m oderate  to  low p a r t i a l  p re s s u re s  o f  oxygen.

The f e l s p a r s  a re  th e  most aoundant m in e ra ls  i n  th e  a lk a l in e  s e r i e s ,

and ra n g e  from p la g io c la s e s  (An^-) in  th e  b a s a l t s ,  th ro u g h  a n d e s in e s

and p o ta sh  o l ig o c la s e s  in  th e  two f e l s p a r  t r a c h y te s ,  c a l c i c  a n o r th o c la s e s

to g e th e r  w ith  m inor p o ta sh  o l ig o c la s e  in  th e  two f e l s p a r  t r a c h y te s ,  to

a l k a l i  f e l s p a r s  o f  com positions ap p ro ach in g  A b -^ O r,-  in  th e  one f e l s p a rbp
t r a c h y te s  and com end ites. High te m p e ra tu re  o p t i c s  a re  p re s e n t  i n  th e  

p la g io c la s e  p h e n o c ry s ts  from th e  b a s a l t s ,  and low te m p e ra tu re  o p t i c s  

f o r  t h e  groundm ass p la g io c la s e  from  th e  t r a c h y a n d e s i te s .  The a l k a l i  

f e l s p a r s  approach  th e  s a n ia in e -a n o r th o c la s e  s e r i e s ,  and have l i t t l e  

e x s o lu t io n .  The s o d ic  a n o r th o c la s e s  have c ro s s -h a tc h e d  tw in n in g .

The t r a c e  elem ents S r ,  Rb, B a, Z r ,  U and Th have b een  d e te rm in e d .

The Rb c o n te n t r i s e s  w ith  d i f f e r e n t i a t i o n ,  w h ile  th e  K/Rb r a t i o  f a l l s .

The S r and Ba a re  b o th  r a p id ly  d e p le te d  w ith  d i f f e r e n t i a t i o n ,  and th e s e  

two e lem en ts  show c o -v a r ia n c e . Z r r i s e s  s t e a d i ly  th ro u g h o u t th e  seq u en ce , 

as  do b o th  U and T h , which e n te r  th e  z i r c o n s .

Bven th e  most b a s ic  o l iv in e  b a s a l t  i s  r e l a t i v e l y  d i f f e r e n t i a t e d ,  

and th e  ivigO i s  low in  th e  b a s a l t s .  The SiO^ r i s e s  to  q u i te  h ig h
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values in the late differentiates' the Alo0 7 falls in the comendites*,3
the total iron falls in the trachytes and comendites after being steady

in the basalts and tr a chy and esi t es * the Pe 0 7 and FeC also fall in

the trachytes ana comendites (although the FeC* is higher in the cossyrite

trachytes)*, the GaO and kgC fall steadily throughout the sequence} the

Na^O and ivoO rise until qaite a late stage, and then fall quite sharply

in the comendites. ihe calc-alkaline andesites have higher MgO, and CaO

and lower Na^O and iv^O, and higher normative Q, an and en and lower or

than alkaline rocks of equivalent silica content.

The alkaline series shows little absolute iron enrichment, but does

have a very strong enrichment in alkalies, the iron and magnesium being

almost nil in the comendites. There is no preferential enrichment in

either K or Na in the late stages. The final compositions approach the

minimum melting composition in the system SiG -NaAlSi ,00-KA13i0c, and2 ; o 3 0
are thus regarded as the result of fractionation.

The rocks become peralkaline once the cossyrite trachyte stage of 

differentiation is reached. These trachytes have higher peralkalinity 

ratios than the comendites.

All the alkaline rocks are saturated or oversaturated, and high

normative hy in xhe basalts is accounted for by oxidation and alteration
2+ 2+of the rocks. The cossyrite trachytes have high Fe /Fe + Mg ratios 

in the ferromagnesian minerals in the norm, while in the comendites nearly 

all the iron is ferric.

The 'big felspar' basalts, with 70 per cent plagioclase phenocrysts,

are assumed to have been quite abundant in the subjacent magma chamber. 

Withdrawal of large amounts of An from the magma results in a peralkaline
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derivative.

All the evidence points to the development of the whole alkaline 
series in the Nandewars by differentiation from an alkali divine basalt 
parent magma. This magma is distinct from the type yielding the strongly 
undersaturated teschenites and analcitites.
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M w AL, SETTING- OF maSTEEK AUSTRALIEN TERTIARY ALiEEINE VOLGANIC RQCIiS.

The general geological evolution of Eastern Australia has been re

viewed by Voisey (1959a> and 1959b).

The general picoure is of a stable continental cratonic block in 

the west, flanked to the east by successive mobile belts of island arcs 

and volcanoes, which are welded onto the stable continental cratonic 

block in orogenies which have occurred from the Silurian to the Permian, 

the eastern margin of the Australian continent being essentially stable 

since that time (Voisey, 1959b).

Since the kesozoic, there have been extensive outflows and intrus

ions of alkaline and suoalkaline magmas throughout Eastern Australia.

In Victoria there are widespread lava flows, and Edwards (1955*

1938a, 1938b) has divided these lavas into two series - the Older Series 
(Oligocene to miocene) and the Newer Series (pliocene to Recent). The 

Older volcanic series consist of crinanites, olivine titanaugite doler- 

ites, olivine titanaugite basalts, olivine basalts, olivine nephelinites, 

limburgites, aonchiquites, camptonites, tinguaites and phonolites. This 

series is alkaline, and strongly undersaturated, and is also strongly 

eroded, occurring mostly to the south and east of Lelbourne.

The Newer volcanic series, much less eroded, extend northr-west and 

west from kelbourne as a broad plain 10,000 square miles in extent. Some 

cones and necks are preserved, but most of the lavas are now seen as flow 

residuals. Edwards (1938a) lias recognised in the Newer series limburgites, 

olivine-labradorite, olivine-andesine and olivine-oligoclase basalts, 

oligoclase basalts, trachybasalts, olivine-anorthoclase trachytes,
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anort ho clase-olivine trachytes, trachyphonolites, trachyandesites, and 

solvsbergites.

The region of the volcanic rocks in Victoria has been stable since 

the Devonian.

In south-eastern Queensland, quite a minor proportion of the lavas 

are alkaline, according to Richards (1916). most types appear to be sub- 

alkaline. However anorthoclase-aegerine-riebeckite-arfvedsonite trachytes 

occur, as well as trachyandesites grading into labradorite basalts. The 

basalts are most abundant, being poured out as flows which have formed a 

basaltic shield volcano in the kaoPherson Ranges, which straddle the 

N.S.W. - Qld. border. Trachytes intrude this eroded basaltic shield (for 

example, kt. Warning). Some of the oasalts appear to be quite alkaline 

in type and mug ear it es have been detected.

Richards (1916) holds that these volcanic rocks are early Tertiary, 

or at least Post-Walloon (Triassic-Jurassic). Three divisions of lavas 

exist with a total thickness of about 3 ,000 feet, kost of the lower 

sequence is basaltic, the middle sequence is mostly rhyolitic and trachytic, 

and the upper sequence, which has the largest bulk of the three, is basal

tic and andesitic. The middle sequence and to some extent the lower 

sequence are characterised by abundant pyroclastic material.

Jensen (1906) has described alkaline pantellerites and comendites 

from the Glass House kountains, to the north of Brisbane, Qld. These 

rocks occur as steep-sided plugs and necks intruding sedimentary basement 

rocks. Trachytes also occur in the Glass House kountains.

The closest Tertiary alkaline volcano to the Nandewars in the 

Warrumbumgle Mountains, about ICC miles to the south-west. The
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physiography of this volcano is very similar to the Nandewar volcano, with 

the appearance of trachytic domes and plugs intruding an eroded basaltic 

shield volcano.

Jensen (1907a) has studied the Warrumbungle Mountain volcanic rocks 
and has found the following types (op. cit., p. 587);

"(a) Arfvedsonite trachytes, comendites and pantellerites, light 

grey or oluish in colour.

(b) Dark aegerine trachytes, phonoiitic trachytes and phonolites.

(c) Trachydolerites.

(d) Andesitic rocks and basalts."

Undersaturated rocks such as nosean-phonolites and nosean-1eucit- 

ophyres have been detected.

The present author has had the opportunity of examining the nosean- 

phonolites and nosean-leucitophyres studied by Jensen (l907a^ these 

samples being the same as those formerly collected by Jensen. No sign 

of nosean or leucite could be detected, and Joplin (1964, p. 84) states! 

"Jensen has described leucite and nosean-bearing trachytes in the 

'warrumbungle Mountains, but re-examination has not confirmed his identif

ications. "

Phonolites have, however, been found in the Warrumbungles, and in 

this respect the trachytic rocks in the warrumbungles are different from 

those in the Nandewars in being under saturated rather than oversaturated 

with silica.

The presence of trachytic tuffs and oreccias in the Warrumbungles 

(Jensen, op. cit.) has net been duplicated in the Nandewars, and trachyte 

plugs appear to be more abundant in the Warrumbungles.



The w idesp read  under s a tu r a te d  a lk a l in e  ro c k s  i n  th e  New E ngland  a re a  

o f  N.S.W. ( in c lu d in g  th e  te s c h e n i te  s i l l s  n e a r  G-unnedah, t y p i f i e d  by th e  

B la ck  Ja c k  s i l l  (W ilk in so n , 1958) j and th e  u n d e r s a tu r a te d  a n a l c i t e  b a s a l t s  

n e a r  G len In n e s  a t  S pring  M ountain ( v i lk in s o n , 1962)) show s i m i l a r i t i e s  

to  th e  te s c h e n i te s  and a n a l c i t i t e s  in  th e  Nandewar M ountains a r e a ,  b u t 

a r e  q u ite  d i s t i n c t  from  th e  m o u n ta in -o u ild in g  a lk a l in e  v o lc a n ic s  w hich 

r e p r e s e n t  a l a t e r  and se p a ra te  p hase  o f  v o lc a n ic  a c t i v i t y .

GENEdAL DESCRIPTION OF THE NANDEii/AR VOLCANIC ROCKS

The Nandewar M ountains cover an a re a  o f  ap p ro x im a te ly  400 sq u a re  

m i le s ,  and a r e  s i tu a te d  abou t 20 n i l  es e a s t  o f  N a r r a b r i ,  a town 350 m ile s  

n o r th -w e s t from  Sydney, New South  W ales.

The r e g io n  l i e s  to  th e  w est o f  th e  New E ngland  T a b le la n d , and  th e  

m ountains l i e  on th e  w este rn  m argin o f  th e  B o rd e r T h ru s t s t r u c t u r a l  

r e g io n  a s  d e f in e d  by V oisey (1959a) i n  h is  s tu d y  o f  th e  t e c to n ic s  o f  

n o r th - e a s te r n  New South W ales. The B order T h ru s ts  ’’s e p a ra te  th e  re g io n  

o f  in te n s e  fo ld in g  and f a u l t in g  from  th e  r e l a t i v e l y  u n d is tu rb e d  a re a s  to  

th e  w es t” (V o isey , op. c i t . , p . 194) . The B o rd e r T h ru s ts  w ere form ed in  

th e  P erm ian , when th e  orogeny deform ing  th e  New E ngland  g e o sy n c lie n  began . 

The re g io n  o f  th e  T h ru s t(s )  ap p ea rs  to  be th e  l i n e  o f  w eakness w hich 

lo c a l i s e d  l a t e r  vo lcan ism .

The basem ent o f  th e  v o lc a n ic  com plex i s  d e s c r ib e d  in  th e  s e c t io n  on 

th e  basem ent ro c k s .

The m ountains p ro p e r a re  th e  rem a in s  o f  a T e r t i a r y  a lk a l in e  vo lcano  

c o n s is t in g  o f  a b a s a l t i c  s h ie ld  w ith  w e ll d e f in e d  flow s d ip p in g  away from  

th e  c e n t r e .  On th e  K apu tar P la te a u ,  th e  s o u th e rn  f la n k  o f  th e  v o lc a n o ,

th e  flo w s d ip  so u th  a t  about 1 0 ° , w h ile  on C a s t le  Top M oun ta in , about 10
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m ile s  to  th e  n o r th -w e s t,  th e  flow s d ip  n o r th -w e s t a t  abou t 5°* These 

flow s o r ig i n a l l y  formed p a r t  o f  a broad b a s a l t i c  dome. B a s a l t i c  and 

t r a c h y a n d e s i t i c  flow s form most o f  th e  v o lc a n ic  p i l e  now exposed , b u t 

some o f  th e  youngest co u lees  a r e  t r a c h y t i c .  The vo lcano  i s  now seen  a s  

a m a tu re  e ro s io n a l c a ld e ra  ( in  th e  sen se  o f  C o tto n , 1952 , p . 3^4 e t .  s e q . ) , 

w ith  th e  o r ig in a l  c e n tre  o f  th e  volcano  eroded  away.

W ith in  th e  c a ld e ra ,  betvi/een Bullaw a C reek  and K il la rn e y  G ap, dykes, 

s to c k s ,  p lu g s ,  s i l l s  and dome shaped  m asses o f  t r a c h y te  a re  in t ru d e d  in to  

th e  deform ed co u n try  ro c k s . Dykes and p lu g s  o f  t r a c h y te  a ls o  in t r u d e  th e  

rem nan ts  o f  th e  o a s a l t i c  s h i e l d ,  so some o f  th e  t r a c h y te s  a re  younger 

th a n  th e  b a s a l t i c  ro c n s . The t r a c h y te s  app ea r to  r e p re s e n t  th e  waning 

s ta g e s  o f  a c t i v i t y ,  b u t th e  p o s s i b i l i t y  t h a t  some o f  th e  t r a c h y te s  may
I

p re c e d e  th e  b a s a l t i c  and t r a c h y a n d e s i t ic  s h ie ld - o u i ld in g  a c t i v i t y  has been 

c o n s id e re d . I f  th e  assum ption i s  made th a t  th e  o rd e r  o f  e x t ru s io n  was 

in  th e  o rd e r  o f  in c re a s in g  d i f f e r e n t i a t i o n  (on  p e t ro g e n e t ic  g rounds a 

re a s o n a b le  assum ption) th en  th e  p o s s i o i l i t y  o f  t r a c h y te s  p re c e d in g  th e  

b a s a l t i c  ro c k s  in  th e  tim e sequence must be r u le d  o u t.

p re v io u s  Work

L i t t l e  p rev io u s  work has been done in  th e  Nandewar p ro v in c e  on th e  

g eo lo g y .

J e n s e n  (1907) was th e  f i r s t  to  p u b lis h  on th e  geo logy  o f  th e  a re a , 

tie mapped th e  a rea  in  b road  o u t l i n e ,  h is  most d e t a i l e d  m apping b e in g  

i n  th e  r e g io n  o f  Bullaw a C reek . E lsew here , h is  mapping i s  o n ly  on a v e ry  

g e n e ra l b a s i s .  P e tro g ra p h ic a l d e s c r ip t io n s  o f  th e  ro c k s  a r e  a l s o  in c lu d e d , 

and he re c o g n ise d : a lk a l in e  r h y o l i t e s ,  a lk a l in e  t r a c h y te s ,  p h o n o l i te s ,
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alkaline andesites, alkali basalts, calcic rhyolites and basalts, together 

with alkaline syenite porphyries, felspathoid rocks - pulaskite porphyries, 

augite porphyries and teschenites, and bronzite peridotite porphyries 

(iiionchiquite lamprophyre) .

Jensen also carried out 10 analyses of the alkaline rocks, ranging

from the trachytes to the basalts, and these are set out in TableP '1-4* •

Some of the analyses are of doubtful accuracy} in two cases the totals

are over 101 per cent, and the analysis of the phonolitic trachyte (6)

has a high Alr0 and that of the dolerite (8) has a low value for Alo0_.

The norm calculation carried out by Jensen for the trachyte from Mt.

Ningadhun (l) shows that there is 3*5 per cent normative corundum, and

the AlJD, or Na 0 and L 0  values appear to be in error. Furthermore,S 3 k k
the dolerite analysed by Jensen (8) would now be called a teschenite, 

and there is no normative ne. Thus the analyses of Jensen must be used 

with caution. The analysis of the monchiquite lamprophyre (9) is an anal

ysis of the analcitite (described in this thesis) together with all the 

ultrabasic xenoliths, and this analysis is thus of little value. Bearing 

all these reservations in mind, it is still possible to use the data of 

Jensen (1907) for comparative purposes, and the chemical analyses will be 

discussed in the section of this thesis on the chemistry of the alkaline 

rocks.

Hanlon (1948a) also carried out a geological reconnaissance of the 

area as part of the mapping program in the North-Western Coalfield of 

New South Wales. He paid most attention to the Permian and Triassic sedi

ments, delineating their outcrop, and their relations to the overlying
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volcanic rocks. Apart from mapping the limits of outcrop of the alkaline 
rocks, and their contact with the sediments, no attention was paid to them.

McKelvey and White (1964) have produced a map (1:100,000 scale) of 
the Horton map sheet, with marginal notes on the rocks. Those part of 
this text which relate to the volcanic rocks were written in consultation 
with the author of the present thesis. Much the same comment with regard 
to the attention of these workers to the volcanic rocks can be made as 
for Hanlon’s (1948a) work, but McKelvey and White have been mainly con
cerned with the Carboniferous and Devonian sediments to the east of the 
Nandewar mountains proper. In the map of the volcanic area produced by 
the present author, use has been made of the information of McKelvey and 
White (1964) with regard to the sediment - volcanic rock contacts. Unpub
lished information collected by 'White and McKelvey on the geology of the 
Tareeia map sheet (shortly to be published in the same series and on the 
same scale as the Horton sheet) has also been used in compiling the map 
in this thesis.

Ho other work has been done on the geology of the volcanic rocks of 
the Nandewar Mountains.

Johnson (1961) has worked on the area of the lava 
flows on the Kaputar Plateau,

JOHNSON, T.R. , 1961 , Geology of the South-V/estern 
portion of the Nandewar Mountains: Unpubl.
B.Sc. Hons. Thesis, Univ. New England.
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table 1

CHElvilCAL ANALYSES OP ROCKS IN THE NANDEWARS BY JENSEN (1907)

1 2 3 4 5

sxo2 64 .63 64.31 64 .38 58.90 61 .2 7

T i0 2 0 .58 1 .23 0.56 1 .4 7 1 .0 2

a12°3 16.33 15.05 17.13 16 .48 16 .00

Fe2° 3 2.93 5.39 5 .62 2 .9 8 2 .59
PeO 1.16 2 .3 3 0 .2 8 3.35 4 .0 4

knO 0.06 0 .0 9 0 .0 0 0 .0 8 0 .1 0

NiO t r 0 .0 3 0 .0 0 0 .0 5 t r

Mgp 0 .1 6 0 .1 4 0 .0 3 0 .7 8 0 .3 9
CaO 0.4B 1*54 0 .6 1 2 .7 8 1 .9 3
Na20 5 .2 3 4 .7 7 4 .5 9 4 .0 9 4 .2 5

K2° 6 .1 1 6 .5 9 6 .4 9 6 .0 5 6 .3 1

HgO+ 1 .0 5 0 .7 9 0 .8 2 0 .6 4

H2°‘ 1 .3 5 0 .3 9 o . > 0 .36
t r 0 .0 0 1 .63 1 .5 0 0 .1 6

S r0 2 0 .0 7 0 .0 9
G1 t r 0 .0 2

P 0 .1 0

l e s s C.O5
0=P

T o ta l 100.36 100 .93 101.32 99 .67 99.06

1 . T ra c h y te ,  k t . Ningadhun.

2 . T ra c h y te ,  k t .  D eriah .

3« T ra c h y te ,  n e a r  D ripp ing  Rock.

4 . P u la s k i t e  p o rp h y ry , b ran ch  o f Oakey C reek , n e a r  k t .  Odin* 

3* P h o n o l i t e ,  Oakey Greek.
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TABLE 2

CHEMICAL ANALYSES OF HOCKS IN  THE NANDEWARS BY JENSEN (1907)

6 7 8 9 10

S i0 2 5 1 .9 8 51 .3 0 4 7 .2 0 3 6 ,8 8 5 6 .6 3

T i0 2 4 .7 1 2 .7 8 4 .3 1 2 .1 0 2 .0 0

A l2°3 22 .46 1 6 .1 3 1 1 .7 8 4 . 5 3 1 7 .7 1

F e 0 2 3
2 .4 « 3 .01 1 .9 4 2 .0 3 3 .61

FeO 1 .8 7 6 .9 2 9 .0 4 9 .6 7 4 .6 4

LnO 0 .0 8 0 .1 9 0 .2 6 0 .0 4 0 .0 3

NiO 0 .0 4 0 .0 5 0 .0 3 0 .0 7 0 .0 0

MgO C .8 3 2 .5 8 9 .9 5 25 .40 1 .4 7

CaO 4 .6 3 6 .9 7 1 1 .6 3 7 .6 1 4 .0 6

Na 0 3 .6 6 4 .0 0 1 .6 1 1 .1 7 5 .1 1

K2° 5 .9 3 2 .0 7 1 .6 7 0 .4 3 3.65
h 2o+ 1 .0 8 1 .8 9 1 .2 4 0 .8 2 0 .7 0

h 2° - 2 .06 0 .5 0 0 . 2 8 O .5 8 0 .4 9

oo2 0 .0 4 1 .6 4 0 .1 7 8 .1 0 0 .0 1

Z r02 0 .0 6 0 .0 6

sC l-eS p 0 .1 7

l e s s 0 .0 8
0=S

T o ta l 9 9 .8 5 1 0 0 .0 3 1 0 1 .1 1 9 9 .5 8 1 0 0 .1 7

6 ,  p h o n o l i t i c  t r a c h y te , h it .  N ingadhunL.
7 . L a b r a d o r i t e  p o rp h y ry , b ra n c h  o f  Oakey C reek n e a r  Ivit. O d in .

8 , D o l e r i t e , l a c c o l i t e , Dongo C reek .

9* k o n c h i  q u i t e  la n ip ro p h y re , s i l l ,  Dingo C re e k ,

1 0 , A k e r i t e ,  head  o f  Oakey C reek  and E u lla w a  C re e k ,
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TABLE 3

NQRiuS OF TEE NANDEWAR BOCKS CALCULATED BY JENSEN (1907) SPECIMEN NUMBERS

AS IN TABLE  ̂ .

1 2 3 4 5

Q 9.48 9 .84 11.70 8.46 7.26
or 36.14 38.92 38.36 35.58 37.25
ab 44.02 40.35 38.78 34.58 33.63
an 2.50 1.95 4 .45 6.12
C 5.50 1 .8 4 1.63
zr 0.18 0 .1 8
d i 0 .90 1.89
wo 2.09
hy 0.53 0.10 3.22 3.70
o l

mt 2.32 3.94 4.41 3.71
i l 1.06 2.28 0.46 2.89 1.98
hm 1.28 0 .64 5.70
cc 3.40 0 .40

sph 0.78

H2° 2.40 1.18 1 .63 1.16 1.00

T ota l 100.43 100.32 101.30 99.78 98.94
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TABLE 4

NORkS OF THE NANDEAAR ROOKS CALCULATED BY JENSEN (1907) SPECIMEN NUMBERS

A3 IN TABLE 2 .

6 7 8 9 10

Q 6.36 3 .5 4 2 .76

o r 22.80 12 .23 11 .68 2 .22 21 .13
ab 31.14 34.58 13 .6 2 9.96 4 2 .9 7
an 13.62 19.46 19 .18 5 .8 4 1 5 .0 1

C 7.2 4

d i 4 .0 8 29.42 3-56

hy 2.36 10.45 1 .7 3 21.86 3.95
o l 12.46 33-96

mt 4 .4 1 2 .78 5 .8 8 5 .3 4

i l 3 .95 5 .1 7 8.06 3 .95 3.80

hm 2.56
cc 3.70 0 .3 0

sph 6 .4 7

ms 3 .0 2

H2° 3*14 2.39 1 .5 2 1 .4 0 1 .1 9

T o ta l 99. 9^ 100.01 100.75 99 .59 99.71



BASEMENT ROCKS
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THE BAS&jSNT ROCKS

The geology of the basement rocks is more fully treated in an 

earlier thesis by the author (Abbott, 1961).

To the east, the basement rocks consist of folded and faulted 

Carboniferous conglomerates and arenites with a large pyroclastic con

tribution, welded and vitric tuffs, some of which are probably ignimbrites, 

and varve shales.

To the west the basement rocks consist of relatively flat-lying 

Permian rocks believed to be Lower Coal measures (Hanlon, 1948 b.) The 

sequence consists of a series of shales with abundant plant fossils and 

some cual. Some andesite flows are also found in the Permian sequence.

The gently dipping, completely unfolded Triassic sandstone sequence 

overlaps the Permian and has very uniform lithology. The Triassic also 

rests on the Carboniferous in the east, in places with a large angular 

unconformity.

A series of teschenite sills and sill-like masses intrude both the 

Permian and Triassic. The teschenites shovf great similarity to the 

Black Jack sill further to the south (Wilkinson, 1958). The intrusion 

of the teschenite is nor believed to be connected with the later over

saturated alkaline volcanism in the main Nandewar phase.

The Carboniferous sequence to the east is separated by a major 

structural discontinuity from the flat-lying Permian and Triassic 

rocks to the west. Voisey (1959) proposed that this discontinuity, called 

Dy him a ’’Border Thrust” of the New England geo syncline, undergoing
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orogenesis in the Permian, was a major overthrust fault.

CARBONIFEROUS

Benson (1913) named, the rocks of the area the Rocky Creek conglom
erates, stating that the series consisted of interbedded conglomerates 
with volcanic pebbles and acid lavas. He dated the beds as Lower 

Carboniferous, suggesting a thickness of 2,000 feet for the sequence.
Hanlon (1948b) correlated the Rocky Creek conglomerates with the 

Upper Kuttung, the correlation being reinforced by the presence of 
varvoid sediments and some true varves overlying the Rocky Creek cong

lomerates, these being Upper Carboniferous.
Suggested correlation, (Hanlon, 1948b):

P er mi an 
Carboniferous

Ruttung Group: Varves and varvoid sediments,

glacial and fluvioglacial rocks. 
Rocky Creek conglomerates, acid 
tuffs and volcanic rocks.

The conglomerates are in places very coarse, pebbles being up to 
2 feet in size. They are interbedded with both gritty and sandy beds 
of the same composition and acid volcanic tuffs with vitroclastic 

texture.
The arenites have poorly sorted angular fragments with a predom

inance of labile constituents. All the arenites have the features of
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terrestrial outwash and lacustrine deposits, and fluvioglacial sedi

ments. The great variety of lithic fragments is typical of these rocks, 

and mineral fragments are also varied. Andesite pebbles, granite and 

aplite pebbles, shale pebbles, vitric -welded dacitic and rhyolitic 

tuff pebbles, biotite flakes, quartz fragments, plagioclase fragments, 

alkali felspars, magnetites and opaque iron oxides, amphibole fragments, 

zircons and apatites have been recognised. The cement is dominantly 

chloritic, but limonitic cement has been found in places. Zeolites 

are present, particularly in the cement, as a result of burial meta- 

morphism.

The volcanic rocks in the Upper Kuttung are all acid, glassy, 

and show well developed vitroclastic texture. Almost all have pheno- 

crysts either of quartz, albite-oligoclase, sanidine, or of albite alone, 

most of the volcanic rocks are now devitrified and conctain zeolites.

Fine grained varvoid sediments have also been found in the Carbon

iferous. They consist of alternating bands of fine and coarse quartz 

fragments set in a limonite matrix. Some dropped pebbles are present.

It has been suggested that these varvoid sediments represent volcanic 

ash deposits (Coombs, 1958)*

The Carboniferous basement rocks in the Upper Rocky Creek area are 

either the products of shallow water deposits formed by the erosion of 

a dominantly volcanic terain (the conglomerates and arenites), or the 

results of explosive volcanic outbursts, presumably in nuees ardentes 

(the welded tuffs and ash flows) , or deposits from frigid conditions 

(the varve shales and varvoid sediments).



PüMvilAN

The P erm ian  sequence i s  f a u l t e d  b u t u n fo ld e d . The sequence  i s  

f u r th e r  d is tu rb e d  i n  p la c e s  by th e  in t r u s i o n  o f  te s c h e n i te .

The P erm ian  ro ck s  ou tc ro p  on th e  e a s te rn  s lo p e s  o f  K i l la r n e y  Gap 

above and below  th e  te s c h e n i te ,  and a ls o  i n  th e  Upper Bullaw a C reek 

a r e a .  H anlon’s (1948b) s u b d iv is io n  o f  th e  P erm ian  w i l l  be fo llo w ed : 

P erm ian : Upper M arine S e r i e s ,  B a rra  Group

Lower C oal M easures, Nandewar Group

H anlon (op . c i t .  p . 3^3) s t a t e s  "The co a l b e a r in g  s t r a t a  i n  th e  

N a r r a b r i  d i s t r i c t  have aPways been re g a rd e d  a s  b e lo n g in g  to  th e  Upper 

Coal M easures. I t  now ap p ea rs  t h a t  th e y  form  p a r t  o f  th e  Lower Coal 

M easures and th a t  th e  Upper Coal M easures a r e  m is s in g , b e in g  o v e rla p p ed  

by th e  T r i a s s i c ,  w hich r e s t s  d i r e c t l y  on Upper M arine b eds. I n  th e  

n o r th e rn  and e a s te rn  p a r t s  o f  th e  d i s t r i c t  (M illa rn e y  Gap a re a )  th e  

Upper m arin e  seems to  be o v e rlap p ed  i n  t u r n ,  and i t  i s  l i k e l y ,  a t  

l e a s t  to  th e  n o r th ,  th a t  th e  T r i a s s i c  beds r e s t  d i r e c t l y  on Lower 

Coal M easu res . Lower M arine beds do n o t o u tc ro p  i n  th e  a re a  and i t  i s  

u n l ik e ly  t h a t  la v a s  o f  t h i s  a g e , found f u r th e r  s o u th , a r e  d ev e lo p ed . 

However, i f  th e y  a r e  d ev e lo p ed , th e  la c k  o f  o u tc ro p s  c o u ld  e a s i ly  be 

e x p la in e d  a s  b e in g  due to  th e  e l im in a t io n  by f a u l t i n g  w hich  o ccu rs  i n  

th e  a r e a ” .

The P e rm ian  sequence i n  th e  Nandewar M ountains a re a  c o n s i s t s  o f  

sa n d s to n e s  w ith  iro n s to n e  c o n c re t io n s ,  s h a le s  w ith  p la n t  f o s s i l s ,  and 

a few th i n  c o a l bands, I n  th e  sequence a lo n g  B ullaw a C reek th e  fo llo w 

in g  p la n t  f o s s i l s  have been i d e n t i f i e d :
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Noeggerathiopsis sp.
Glossopteris sp.

The Permian sequences both on the slopes of Killarney Gap and in Bull- 

awa and bingo creeks have dips up to 30°S.E.

Several andesite flows occur in the Permian sequence in both the 

upper reaches of Bobbiwaa Creek and Bullawa Creek.

The Bullawa Creek andesites occur below the teschenites. They 

consist of small laths of plagioclase together with abundant small 

magnetites and pyroxenes, some of which are possibly hypersthenes.

Two chemical analyses of these andesites have been made (Table No. 35 ). 
They have high normative anorthite, quartz, and hypersthene, features 

which, together with the modal presence of hypersthene in the ground- 
mass of the lavas, suggests calc-alkaline character.

The Bobbiwaa creek andesites have fine grainsize and consist of 

plagioclase laths (An^ ^*9 mostly andesine) in trachytic flow struct

ure, hypersthene, and some magnetite.

The presence of these lavas suggests that they can be correlated 

with the Lower marine lavas further south (Manser, I960) , contrary to 

the findings of Hanlon (1948b).

MESOZOIC (TRIASSIC)

The sequence, believed by Hanlon (1948b) to be Triassic overlapped 

by the Jurassic in places, consists of well washed quartzose sandstones, 

with basal conglomerates and shale layers.

The conglomerates have rounded jasperoiu pebbles, and also pebbles



o f  a c id  v o lc a n ic s ,  w h ile  b o th  th e  sa n d s to n e s  and cong lom era tes  have 

a c la y e y  m a tr ix .  The sequence p a s s e s  r a p id ly  up in to  un ifo rm  sand

s to n e  a f t e r  ab o u t 25 to  50 f e e t  o f  a l t e r n a t in g  sa n d s to n e , s h a le  and 

co n g lo m era te .

The T r i a s s i c  r e s t s  on th e  P erm ian  w ith  a s l i g h t  u n co n fo rm ity . The 

n a tu re  o f  th e  c o n ta c t o f  th e  two s e r i e s  o f  ro c k s  i s  t h a t  o f  p ro g re s s 

iv e  o v e r la p  o f  th e  T r i a s s i c  ro ck s  upon th e  P erm ian  (H an lon , 1948b),

The T r i a s s i c  a ls o  o u tc ro p s  above some o f  th e  C a rb o n ife ro u s  ro ck s  to  

e a s t  w ith  a l a r g e  a n g u la r  u n co n fo rm ity . The T r i a s s i c  sequence has a 

r e g io n a l  d ip  o f  from 5° to  10° s o u th -w e s t ,  and th e  te s c h e n i t e  s i l l s  

g e n e r a l ly  in t r u d e  t h i s  sequence. The g r e a t e s t  e x te n t  o f  th e  T r i a s s i c  

ro c k s  i s  seen  i n  th e  w est o f  th e  N andew ars, th e  T r i a s s i c  capp ing  th e  

C a rb o n ife ro u s  i n  th e  e a s t  b e ing  o n ly  m inor i n  a re a .

The c o n ta c t  oetween th e  a lk a l in e  v o lc a n ic s  and th e  sa n d s to n e s  i s  

g e n e ra l ly  a t  about 2,000 f e e t  above sea  l e v e l .  The co n stan cy  o f  t h i s  

l e v e l  s u g g e s ts  th a t  th e  T r i a s s i c  was p en ep lan ed  b e fo re  th e  e x tru s io n

1 7

o f  th e  a l k a l i n e  la v a s



STRUCTURE

The boundary between the Permian and Carboniferous!

Hanlon (1948b) states that in the area to the south of Naputar 

"the boundary between the Carboniferous beds and the Permian beds is 

in the nature of a thrust fault. The none of thrust faulting has now 

been traced continuously from the Werrie basin (Carey, 1934) through 

the southern part of the Country of Nandewar (Lloyd, 1933» Hanlon, 

1948a), to the Nandewar Mountains."

The present writer has traced the Permo-Carboniferous boundary to 

the north of the area investigated by Hanlon (1948b) , who traces the 

fault, trending north-west in the north of the County of Nandewar, to 

Black Mountain, east of kt. Deriah, where it is obscured by the lavas.

Hanlon (op. cit., p. 307) further states "From a point between 

Black Mountain Creek and its tributary Basin Creek, in the Parish of 

Rusden, County of Nandewar, where the fault is obscured by Tertiary 

igneous rocks, it must swing away to the north. If it continued in a 

north-westerly trend it would cross Eulah and Bullawa Creeks andaould 

not fail to be identified."

The fault has not been found in Eulah Creek, but Carboniferous 

rocks have been found in the Upper reaches of Bullawa Creek, while 

Jensen (1907) reported the presence of Carboniferous rocks in Boomi 

Creek, a Creek over the range to the east from Bullav^a Creek. This 

would suggest that the V»Testern Thrust as mapped by Hanlon (1948b) 

changes its direction from north-west to nor-north-west and passes 

under the lavas just west of Coryah Gap, continuing nor-northr-west



across Bullawa and Oakey Creeks, under the lavas in the mountains to 

the north, passing east of Mt. Lindesay, and emerging to the south of 
Nobby* s.

West of Nobby’s the appearance of many dykes and sills show that 

the'region has suffered intense intrusion by alkaline rocks, the place 

of intrusion being localized by the pre-existing fault. Many minor 

faults, striking N30°W, exist in the vicinity. Carboniferous beds exist 
to the east of the disturbed belt, and in the west, at the bottom of 
Killarney G-ap, Permian beds outcrop. The fault must pass through this 

belt to the west of Nobby's. It then perhaps strikes north-west 

towards Mt. Bobby Waa, and through the mountains to the north. Any 
possible outcrop of the Fault north of the Nandewar Mountains is obscured 

by Mesozoic beds.
The change of strike of the fault would seem to indicate that 

there is not one fault, but a series of faults arranged en echelon, 

giving a broad zone of faults.
Hanlon (1948b) states that the age of the thrusting is post Lower 

Coal Measures. Since unfaulted Mesoaoic beds cap the Permian to the 
west of the fault and the Carboniferous to the east, the faulting can 

be no younger than Mesozoic.
Much movement has taken place along the fault with the Tertiary 

volcanism. The fault formed the structural weakness which localized 

later volcanic action, and the area near the fault is now covered with

19

trachyte intrusions
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AKAL-CITITjS .ilTH ULTHABASIG E O L IT H S

The ro c k  c o n s is ts  o f  an a n a l c i t i t e  m a tr ix  w ith  from  6C-75 p e r  c en t 

o f  p e r i d o t i t e  x e n o l i th s , and x en o c ry s ts  o f  o l i v in e  and p y ro x en es , i t
o

o c c u rs  a s  a 1 to  3 f e e t  th ic k  s i l l  in t r u d in g  P erm ian  bed s d ip p in g  S .E . 25 

i n  Dingo C reek , a t r i b u t a r y  c f  B ullaw a C reek . The o u tc ro p  i s  about 250 

y a rd s  u p s tream  from  th e  ju n c t io n  o f  Dingo and B ullaw a C reek s. Only about 

4c f e e t  o f  th e  s i l l  i s  exposed in  th e  bank o f  Dingo C re e k , The o c c u rre n c e  

has been  d e s c r ib e d  by J e n s e n , (1907, p . 855) > and W ils h ire  and B inns 

(1 9 6 1 ).

J e n se n  named th e  ro ck  a la m p ro p h y ric  (m o n ch iq u ite ) p o rp h y ry , reco g 

n is in g  th e  x e n o l i th ic  n a tu re  o f  th e  fra g m e n ts . He a ls o  c a r r i e d  o u t a 

b u lk  a n a ly s i s  o f  th e  ro ck  and x e n o l i th s  b u t t h i s  a n a ly s i s  i s  o b v io u s ly  o f  

l i t t l e  v a lu e  (T ab le  2 , Ho. 9  ) .

v v ilsh ire  and n in n s  (196I) s tu d ie d  t h i s  o c c u r re n c e , to g e th e r  w ith  

o th e r s  o f  t h i s  ty p e  in  H .S.,7. They s t a t e  th a t  t h i s  s i l l  form s a fe e d e r  

to  p a r t  o f  th e  l a t e r  a lk a l in e  e x t ru s iv e s  o f  th e  N andew ars, b u t t h i s  i s  

n o t s o ,  s in c e  th e  a n a l c i t i t e  i s  m arked ly  under s a tu r a t e d  w ith  r e s p e c t  to  

S iO ^, w h ile  th e  l a t e r  e x tru s iv e s  a r e  a l l  s a tu r a t e d  o r  over s a tu r a te d .

The a n a l c i t i t e  m a tr ix  shows c lo s e r  a f f i n i t i e s  m in e r a lo g ic a l ly  and chemi

c a l l y  to  th e  te s c h e n i te s  in  th e  v i c i n i t y ,  and i s  c o n s id e re d  to  have been 

in t r u d e d  a t  ap p ro x im ate ly  a t  th e  same tim e . Thus th e  a n a l c i t i t e  i s  n o t 

co n n ec ted  w ith  th e  l a t e r  m ountain b u i ld in g  a l k a l in e  e x t ru s iv e s .

B o th  W il s h i r e  and B inns (1961) and Je n se n  (1907) c a l l  t h i s  ro ck  a 

lam p ro p h y re . The te rm  lam prophyre im p lie s  a s t r o n g ly  p o r p h y r i t i c  i n t r u s 

iv e  ro c k ,  w ith  fe rro m ag n esian  p h e n o c ry s ts  s e t  in  a b a se  o f  e i th e r  f e l s p a r
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or felspathoids (Hatch, Y/ells and Jells, 1951 > 3̂ 8-3̂ -9 j Turner and 

Verhoogen, I960, 251). This rock, excluding the xenocrysts, is fine 

grained and has abundant anal cite and nepheline in the groundmass, with 

little or no felspar, and is more correctly termed analcitite.

Petrography

Analcitite Base:
Fine grained, the groundmass makes up about 4C per cent of the rock» 

Abundant euhedral snail crystals of titanaugite are set in a mass of analcite, 

minor nepheline, and very minor alkali felspar. Snail crystals of reddish 

biotite are quite abundant, and melilite is possibly present.

Coarser grained ocelli, with an analcite - nepheline base, are common. 

Biotite crystals, and elongate, often hoop-shaped crystals of titanaugite, 

some with aegerine-augite rims, and sparse discrete crystals of aegerine- 

augite are all set in the felspathoid base. The titanaugite crystals are 

zoned, with normal and hour-glass colour zoning, and have quite an intense 

purple colour, indicating a high content of TiC^.

Xenoliths and xenocrysts:

The extreme abundant (60- 75 Per cent) and the great variety of the 

xenolithic fragments are the most typical features of this rock. The 

xenoliths and xenocrysts reach up to 2 inches in length, and some of them 

are quite angular.

Varieties of xenoliths recognised are:

1, G-abbro or granulitic xenoliths: These have granular* alio trio-

mo rp hie texture, reminiscent of layered basic and ultra-basic intrusions. 

Plagioclase (An^) is very abundant, and is complexly twinned on the al'bite,
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50- 60° .

p e r i c l i n e ,  and c a r ls b a d  law s. The tw in  la m e lla e  a r e  o f te n  b e n t ,  and th e  

p la g io c la s e  shows s ig n s  o f  s t r a i n .  T h is  a g a in ,  i s  s im i la r  to  th e  low er 

l a y e r s  o f  s t r a t i f i e d  b a s ic  and u l t r a b a s i c  i n t r u s i o n s ,  where th e  w eigh t 

o f  superincum ben t l a y e r s  p ro d u ces  s t r a i n  e f f e c t s .  G ran u la r  h y p e rs th e n e  

c r y s t a l s  a re  p r e s e n t  w ith  m odera te  p le o ch ro ism  o f  th e  ty p e :

X = p a le  r e d ,  Y = p a le  p in k , Z = p a le  b lu i s h  g re e n .

2Va

Low b i r e f r in g e n c e .

From th e  g rap h  o f  D ee r, Howie and Zussman (1 9 6 3 y v o l .  2 , P ig . 10) 

a co m p o sitio n  o f  ro u g h ly  P s ^  ^  i s  in d ic a te d .

Chrome d io p s iu e  c r y s t a l s ,  b r ig h t  g reen  in  hand specim en , a re  p a le  

g reen  u n d er th e  m ic ro sco p e , n o t a p p re c ia b ly  p le o c h ro ic ,  m t h  2Vy = t o - 50 ° ,  

and a maximum e x t in c t io n  a n g le  o f  Z A c = 40 •

Brown s p in e l  c r y s t a l s ,  p o s s ib ly  e n ric h e d  i n  Cr 0 _ , a re  p r e s e n t ,  and
k 3

a r e  a l t e r e d  to  a p a le  brown m in e ra l ,  and opaque o x id e s .

The approx im ate  mode o f  th e  g r a n u l i t e  i s !

50 p e r  c e n t p la g io c la s e ,  22 p e r  c e n t h y p e rs th e n e , 22 p e r  cen t d io p s id e ,  

5 p e r  c e n t s p in e l ,  1 p e r  c e n t r e s t .

2. P e r i d o t i t e  x e n o l i th s !  T hese a re  th e  m ost common x e n o l i th s  

p r e s e n t , and th e r e  i s  a g r e a t e r  v a r i e ty  w ith in  th e  b ro ad  c l a s s i f i c a t i o n  o f  

th e  p e r i d o t i t e  ty p e . T hese x e n o l i th s  t y p i c a l l y  have g ra n u la r  a l l o t r i o -  

m orph ic te x tu r e  w ith  la r g e  c r y s t a l s  o f  o l i v in e ,  w hich  u s u a l ly  have been  

m o d e ra te ly  to  e x te n s iv e ly  a l t e r e d  to  c a rb o n a te s  by th e  a n a l c i t i t e  magma.

The pyroxene c r y s t a l s ,  where p r e s e n t ,  te n d  to  be s l i g h t l y  p o i k l i t i c  tow ards 

th e  o l i v in e s .  No f e l s p a r s  a r e  p r e s e n t ,  and s p in e l s  a r e  r a r e .

W ils h ire  and B inns (1961) g iv e  modes o f  two p e r i d o t i t e  x e n o l i th s  

i n  th e  a n a lc i t i te * .



1 . O liv in e  8 5 . 4  p e r c e n t ,  c lin o p y ro x en e  14 .6  p e r  c e n t ,

2, O liv in e  58 -3  p e r  c e n t ,  c lin o p y ro x e n e  41 .0  p e r  c e n t ,  mica 0 .3  p e r  

c e n t ,  m a g n e tite  0 .2  p e r  c e n t.

The fo llo w in g  ty p e s  o f p e r i d o t i t e  have been re c o g n is e d :

H a rz b u rg ite s :  made up o f  o l i v in e  ( a l t e r e d  and s h a t te r e d )  w ith  2V

ap p ro x im a te ly  9 0 ° , o rth o p y ro x en e  w ith  2V , = 6 0 -7 0 ° , and w ith  sm all r e a c t io n  

r im s .

P e r i d o t i t e s  -  w e h r l i te s j  c o n s is t in g  o f  o l i v i n e ,  c o lo u r le s s  to  p a le  

g reen  d io p s id e  -  s a l i t e  w ith  2V  ̂ = 40-50° and maximum e x t in c t io n  an g le  4 0 ° . 

The d io p s id e  i s  s l i g h t l y  p o i k l i t i c  tow ards th e  o l i v i n e ,  and e x s o lu t io n  

la m e l la e ,  p resum ably  o f  o rth o p y ro x e n e , have dev e lo p ed  in  th e  d io p s id e .

P e r i d o t i t e  x e n o l i th s  w ith  b o th  o l i v i n e ,  o r th o p y ro x e n e , and c l in o 

p y ro x en e , a re  found .

iviica p e r i d o t i t e s :  c o n s is t in g  la r g e ly  o f  q u i te  f r e s h  o l iv in e  and

p h lo g o p i t ic  m ica , w ith  p leo ch ro ism i

X = s traw  y e l lo w , Y = Z = deep r e d .

W ils h ire  and  Birins (1581) have c a r r i e d  o u t o p t i c a l  d e te rm in a tio n s  

on th e  o l i v in e  and c lin o p y ro x en e  from th e  Nandewar p e r i d o t i t e  x e n o l i th s  

and f in d !
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a ß Y 2V^ C oriposition

O liv in e 1.656 1 .6 7 4 1.631 F°89Fal l
C linopy roxene 1 .682 1 .6 8 8 1.711 52°-55° ° a W ,g 45Pe12

m easurem ent o f  o l iv in e r e f r a c t i v e in d ic e s  by th e  p re s e n t  a u th o r

gave a ran g e  o f  from  ß = 1 .6 7 3 , , to  ß = 1 .6 7 8 ,  Pa^, ^



One accidental sedimentary fragment has been found in the analcitite 
and this is a quartzite ■which has been recrystallised, but still retains 

vestiges of former Deeding.

Xenocrysts:
1. Olivine xenocrysts, which are quite often altered to, and 

pseudomorphed by carbonate, are quite common. These crystals are often 
euhedral and can be up to 1/2" in size. The range of composition as 
indicated by refractive indices is the same as for the olivines from 
the peridotite xenoliths - Fa 1

2. Diopside and titanaugite xenocrysts are common, pale green 

diopside xenocrysts, up to 1 1/2" long and relatively euhedral with react
ions rims of titanaugite, are accompanied by titanaugite xenocrysts, 

which are of similar size, pale mauve with deeper mauve reaction rims.

Wilshire and binns (1961) have analysed a clinopyroxene xenocryst 
from the analcitite (op. cit. , Tables 4a and 4b, No. 3) an<̂  ihe present 
author has also analysed a titanaugite xenocryst from the same rock 
(Plpx). The comparative optics and chemistry have been discussed in the 

section devoted to the pyroxenes. It is sufficient to say here that the 
chemistry of the clinopyroxene analysed by Wilshire and Binns indicates 
a composition of Câ ,_ g^e]_y 7 while the clinopyroxene Plpx analysed
by the present author has a composition of C a ^  gMg^ p* This
emphasises the variable chemistry of the pyroxene xenocrysts, a point also 
indicated by the optics^ the ß refractive index from Wilshire and Binns 

being 1.712, whereas the clinopyroxene Plpx has ß = 1.693-

In some of the smaller clinopyroxene xenocrysts, the crystals merely

consist of a core turbid with inclusions, with a deep reaction rim of
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purple titanaugite.

Some rare orthopyroxene xenocrysts occur with similar reaction rims 

to the diopside xenocrysts. Sometimes the orthopyroxene xenocrysts react 

with the magma to give many small olivine crystals, with a titanaugite 

rim to the whole cluster of crystals. This reaction of the orthopyroxene 

with the under saturated analcitite magma is to be expected according to 

Bowen - Anderson reaction (Bowen and Anderson, 1914).

3. BiotiteS Some large rounded xenocrysts of biotite occur as 

'’books'* of polymorph 2k (Y/ilshire and Binns, 1961). An analysis was made 

of this biotite to determine whether it is a xenocryst, or a phenocryst, 

and this analysis for both major and trace elements Ba, Sr, and Rb is set 

out in Table 5 , together with the structural formula and optical prop

erties of the mineral.

The high Mg of the biotite, together with the rather low iron, indic

ates a composition close to phlogopite in the biotite - phlogopite series, 

with a formulas

(n, ha, 3a) ^ 119 (he , mn)Q^ ^  0“g) 3.6I2 9 A1 1̂.330

^ 5.403 A12.597 0K1.251 °22.749

2+There is thus mainly a substitution of Mg for Pe in the octahedral 

sites in the lattice.

Heinrich (1946) has drawn a graph of y refractive index against 

composition for the biotite - phlogopite series. Since the y and ß 

refractive indices are almost equal in value, a plot of the ß index gives, 

approximately, the values of PeO, Pe90 , and TiO^. Heinrich (op. cit.)
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TABLE 5

ANALYSIS OE PHLOGOPITIC BIOTITE XENOCRYST PRQk ANALGITITE, DINGO GREEK,

NANDMARS. ANALYST k . J .  ABBOTT-.

(m ajor e lem en ts  w t. p e r  c e n t ,  t r a c e  e lem en ts  ppm by w t.)

S i0 2 36.15 S t r u c tu r a l fo rm ula

T i0 2 5 .8 1 = 24.000 W s  <
a i 2° 3 1 5 .8 3

F e2°3
4 .3 1 S i 5 . ^ 0 3 ) 

)
2 . 5 9 7 )PeC 7 .6 4 A1

IvJlO 0 .0 7 A1 0 .1 9 2  )
17 .01 )

0 .6 5 3  ) 
)CaO 0 .5 9

T i

P e5+Na 0 0 .9 7 0 .4 8 5  )
2

h ° 9 .0 3 2 +Pe
)

0 .9 5 5  )
Pp0 0 .1 0 )

^ ?
2 .5 1

Mn 0 .0 0 9  )
H2°
BaC 0 .3 8 Mg 3. 6 1 2 )

T o ta l 100 .40 Ca 0 .0 9 4  ) 
)

Rb 210 Na 0 .2 8 1  ) 
)

Sr 211 K 1 .722  )
Ba 33?  2 Ba

)
0 .0 2 2  )

K/Rb 357 OH 1.251

ß = I .638

5.906

Polym orph 2k (W ilsh ire  and B in n s , 1 9 6 1 ).
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showed t h a t  an ap p rox im ate  s t r a i g h t  l i n e  r e l a t io n s h ip  betw een y r e f r a c t i v e

in d e x  and th e  v a lu e  FeO + 2(Fe 0 + TiO ) e x is te d ,  showing th a t  th e  e f f e c t

o f  Fe^+ and T i 4** on th e  r e f r a c t i v e  in d e x  i s  tw ice  t h a t  o f  Fe"“*. The v a lu e

o f  ß f o r  th e  b i o t i t e  x e n o c ry s ts  ( 1 . 638) 9 to g e th e r  w ith  th e  FeO + 2(Fe 0 +
k j

T i0 o) v a lu e  (2 7 ,9 ) g iv e s  a p o in t  w hich l i e s  v e ry  c lo se  to  th e  curve o f  

H e in r ic h  (o p . c i t . ) .

The h ig h  TiO^ c o n te n t o f  th e  b io u i te  m a n ife s ts  i t s e l f  a s  a d i s t i n c t l y  

red -b row n  c o lo u r  (H a l l ,  1 9 41 ). I n  a t i t a n i f e r o u s  p h lo g o p ite  from  a p h lo g o - 

p i t e  l e u c i t e  la m p ro i te ,  West A u s t r a l i a  ( p r i d e r ,  1 9 3 9 ) 9 w ith  h ig h  TiO 

(8 .9 7  p e r  c e n t)  most o f  th e  T i i s  i n  th e  o c ta h e d ra l  p o s i t i o n ,  and th e  

(OH, F) i s  u n u s u a lly  low (2 .5 3  p e r  c e n t ) .  B o th  th e s e  f e a t u r e s  a re  d u p lic a te d  

i n  th e  o i o t i t e  -  p h lo g o p ite  from  th e  Nandewar a n a l c i t i t e ,  w here th e  TiO^ 

i s  a ls o  h ig h  ( 5 .81  p e r  c e n t)  and a l l  o f  i t  i s  i n  o c ta h e d ra l  p o s i t io n s  in  

th e  l a t t i c e ^  and th e  (OH, F) c o n te n t i s  low  a t  2 .51  pen c e n t .  P r id e r  

(1939) has su g g e s te d  th a t  th e  low (OH, F) o f  th e  p h lo g o p ite  from  th e  

H im berley  l e u c i t e  l a n p r o i t e  i s  due to  i t s  c r y s t a l l i s a t i o n  from  a d ry  magma, 

o r  to  l o s s  o f  v o l a t i l e s  d u r in g  in t r u s i o n .

S in ce  th e  a n a l c i t i t e  c o n ta in in g  th e  x e n o l i th s  i n  th e  Nandewars must 

have been  a q u i te  hydrous magma when in t r u d e d ,  th e  b i o t i t e  -  p h lo g o p ite  

x e n o c ry s ts  a r e  assumed to  have c r y s t a l l i s e d  i n  a d ry  env ironm en t, presum ably  

i n  th e  low er c r u s t ,  where h ig h  m etam orphic g rad e  w ould be a t t a in e d ,  

k iy a sh ir©  (1958) has found t h a t  th e  T i c o n te n t o f  b i o t i t e  in c r e a s e s  w ith  

m etam orphic g ra d e  in  r e g io n a l ly  metam orphosed ro c k s .  The h ig h  T i o f  th e  

Handewar b i o t i t e  -  p h lo g o p ite  x e n o c ry s t i s  a lso  i n  agreem ent w ith  i t s  

p o s tu la te d  o r i g i n  and c r y s t a l l i s a t i o n  tow ards th e  b a se  o f  th e  c r u s t .

The r a t i o  o f  th e  Mg/Fe^+ in d i c a te s  th a t  th e  Nandewar p h lo g o p i t ic
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biotite crystallised in a basic to ultrabasic environment (Heinrich, 1946),

The rather low Rb+ (210 ppm) of the phlogopitic biotite (which 
2+compares with the Sr of 211 ppm) rules out the possibility of the mica 

being a late stage crystallisation product of the analcitite magma*
The Ba^+ is high (3372 ppm), since micas provide a favourable site 

for the acceptance of Ba.
The K/Rb ratio is 357, higher than would be expected from a late 

stage mineral.
All the evidence indicates that the phlogopitic biotite is a xenocryst 

which presumably initially crystallised at a level near the base of the 
crust. The phlogopites in the mica peridotites are expected to have 
oroadly similar chemistry and paragenesis.
Reaction between xenoliths and analcitite!

This reaction between xenoliths and xenocrysts and the analcitite is 
quite marked, and extensive*

The olivine does not appear to react directly with the analcitite 
magma, and often is only slightly mechanically shattered. Subsequent 
alteration (possibly deuteric) changes the olivine to carbonates and 
zeolites, and often only a carbonate pseudomorph remains.

The plagioclase is analcitised, and sometimes is attacked, when a 
small rim of titanaugite crystals form just inside the margins of the 
plagioclase crystals.

Spinel is attacked and altered by the analcitite to a dark, opaque 
material.

xiie clinopyroxene xenocrysts, which usually have rather pale colour

28
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and extreme dispersion, develop a reaction zone on the margins of the 
crystals. From the core outwards the titanaugite or diopside passes 
outwards into a ’ spongy ’ zone, followed by a zone of deeper mauve titan

augite which becomes deeper in colour in passing outwards to the rims of 
the crystals. This reaction indicates that the clinopyroxenes xenocrysts 
are not in equilibrium with the analcitite magma.

Petrogenesis and origin of xenoliths I
Wilshire and Binns (1961) in a general study of ultrabasic xenoliths 

from volcanic rocks in N.S.W. suggest that the occurrence together of 
peridotite, hornblende - biotite peridotite, pyroxenite, and gabbro in
dicates a common origin. They add that many of the variants may be due 
to disintegration of inhomogeneous, banded source rocks.

The possibility of accidental origin of these xenolithic fragments 
has been rejected by Wilshire and Binns on the grounds of the similarity 
of the composition of the xenoliths over large areas. The observations 
of huno (1959) that these ultrabasic xenoliths are absent from the 
tholeiites also seems to rule out accidental origin«

Cognate origin of the xenoliths has been eliminated, because of the 
faerie of the peridotite xenoliths (Wilshire and Binns, op. cit.), and 
the presence of orthopyroxene, which is not a phase crystallising from 
alkali olivine basalts (Wilkinson, 1962).

Wilshire and Binns (op. cit.) and Ross et al. (1954) stress the 

uniformity of mineralogy and composition from widely separated areas. To 

these workers this uniformity of composition is held to be due to a world

wide source of ultrabasic material, varying little in coirposition, although 

the proportions of the minerals may vary. This peridotite material is
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further held to be very abundant in the upper mantle.

The very magnesian composition of the olivines (Fa^) , together with 

the presence of translation lamellae parallel to (100)} the Mg rich corm- 

position of the orthopyroxenes (Fs.^, Wilshire and Binns, 1961, Table 5) 
sometimes with exsolution lamellae of clinopyroxene} the chemistry of the 

clinopyroxene, with high Al^O^ and MgO and large amounts of Tschermak's 

component (Yfilshire and Binns, 1961, Table 4} this thesis, Table 14 )} 

and the Mg and Ti rich composition of the phlogopitic biotite with relatively 

low H^O all lead to the conclusion that some of the xenoliths have come 

from a region where temperatures are high, where the granulite facies 

conditions has been attained (from a study of clinopyroxene compositions, 

White 1964) , and where pressure is moderately high. These are the conditions 

to be expected in the lower crust - upper mantle region.

Some of the xenoliths in the analcitite are undoubtedly accidental, 

and are derived from shallower levels in the crust. The gabbro (granulite) 

xenolith, with its relatively Fe-rich ferromagnesian phases (e,g. the 

orthopyroxene has greater than 20- 30 per cent of the Fs component), 

together with the large amount of plagioclase, suggests that it has been 

derived from a layered basic intrusion. From a study of a similar xeno- 

lithic fragment in an analcite basalt, Wilkinson (1962) has concluded that 

it originated from a differentiated mass at depth.

The presence of a large quartzite fragment also suggests that the 

analcitite has rafted off fragments at quite a shallow depth in its rise 

to the surface.

The derivation of the alkalies and voltaile enriched analcitite magma 

directly from the mantle, without some intermediate stage of differentiation,
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poses difficulties.

It is therefore proposed that the analcitite has rafted off fragments 
of material from levels ranging from the upper mantle - lower crust region 
up into the crust towards the surface, while rising to the surface.

it is noticeable feature that this analcitite has Drought no eclogite 

inclusions to the surface.
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TESCHENITES

The teschenites occur as a series of sills and sill-like masses 

intruding the Permian and Mesozoic. Where the teschenite intrudes the 

Mesozoic, it forms sills having a regional dip of 5-10° SW conforming 
with the dip of the sediments. The relation of the teschenite to the 
Permian sediments is not clear.

In some places the sills are up to 400 feet in thickness, but in 
many places the sills are faulted and intruded by later alkaline volcanic 

rocks of the main volcano building phase, and here thicknesses are diff

icult to determine.
The sills have chilled margins, often unexposed, because of the 

presence of large amounts of scree. The teschenites of the chilled 

margins have a fine grained basaltic appearance, in contrast to the 
coarser doleritic types in the centres of the sills. In some places 
gabbroic and pegmatitic textural types are observed, these being the 
extreme differentiates.

To the south of the Nandewar Mountains area much thicker sills are 

common, but they also intrude Mesozoic rocks, 'Wilkinson, 1958» Manser, 
I960. Wilkinson (op. cit.) notes that the teschenites are frequent field 
associates of the alkali olivine basalts of New England, which is the 
parent magma of the teschenites.

Jensen (1907, pp 881-882) named the teschenites "ophitic olivine 
dolerites" or "ophitic analcite dolerites” and concluded that the 

teschenite formed large laccolitic masses, one in Dingo Greek, estimated 

to be 700 feet thick, and another at Killarney Gap, 400 feet thick*, but

52
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both these occurrences appear to be sills. 

nomenclature:

Except for some of the contact rocks, all are teschenites as defined 

by Walker (1923)? and Wilkinson (1953)» The modal amounts of the constit

uent minerals vary, but only in the contact rocks is this sufficient to 

term the rocks other than teschenite.

The contact teschenites have a fine grained basaltic appearance in 

hand specimen, and are quite rich in mafic constituents, an approximate 

mode being! 40 per cent titanaugite, 15 per cent olivine, 25 per cent 

plagioclase 20 per cent titanomagnetite and dusty analcitic mescstasis.

Teschenites rich in olivine have been named picroteschenites and 

picrites (Tyrell, 191?, 1952*, Walker, 1930? Dr ever, 1953*? Wilkinson, 

1955*? Drever and Johnston, 1958)« The teschenites here are, however, 

much richer in titanaugite than olivine, so it is appropriate to name 

these rocks at the contacts augite picroteschenites, in the sense of 

Tyrell, (1952, p. 3^) •
The textural features shown by the late stage schlieren of teschr- 

enite merit the name teschenite pegmatites (Walker, 1930, 368-370). 

Textures:

Walker (1923) and 'Wilkinson (1958) state that three textural types 

are found with increasing differentiation in teschenite sills;

1. Porphyritic or Basalt type: Phenocrysts of olivine and

titanaugite (sometimes glomeroporphyritic), with fine to 

medium grain.
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2. G p h it ic  o r  D o le r i t i c  ty p e : N o n -p o rp h y r i t ic ,  o p h i t i c  to

s u b o p h it ic  r e l a t i o n s  betw een t i t a n a u g i t e  and p la g io c la s e .

G ra in  medium to  coarse*

3. N o n -o p h itic  o r  Gabbrc ty p e : Even g ra in e d  hypid iom orph ic

te x tu r e .  I n  v a r i e t i e s  r i c h  i n  a n a l c i t e ,  th e  t i t a n a u g i t e  

i s  e u h e d ra l .  G ra in  i s  medium to  c o a rs e .

W ilk inson  (195B, p* 5) s t a t e s  " In  a g e n e ra l way, th e s e  th re e  

d iv i s io n s  r e p r e s e n t  i n  o rd e r  (1 to  3) th e  te a c h e n i te  sequence w ith  

in c re a s in g  h e ig h t above th e  b ase  o f  th e  B la ck  J a c k  s i l l . "

I n  th e  Nandewars th e  sequence o f  t e x t u r a l  ty p e s  ( l  to  3) i s  found 

from  th e  m arg ins o f  th e  s i l l s  (b o th  top  and bottom ) tow ards th e  centre*, 

w h ile ,  a s  m en tioned  b e f o r e ,  p e g m a ti t ic  ty p e s  a r e  o c c a s io n a l ly  en co u n te red .

The c h i l l e d  c o n ta c t  t e s c h e n i t e s ,  n o t seen  i n  th e  B lack  Jack  s i l l ,  

have a  b a s a l t i c ,  f in e  g ra in e d  t e x t u r e ,  b e in g  n o n -p o rp h y r i t ic .  T hese 

ro c k s  f e a tu r e  eu h ed ra l t i t a n a u g i t e  c r y s t a l s ,  o f te n  i n  g lo m e ro p o rp h y r itic  

a g g re g a te s ;  and r e l a t i v e l y  la r g e  am ounts o f  d u s ty  i r o n  charged  

m e so s ta s is .

M ineralogy

O liv in e :

O liv in e  i s  p re s e n t  i n  a l l  th e  te s c h e n i te s  ex cep t th e  t e s c h e n i te  

p e g m a ti te s ,  b u t i t  i s  u s u a l ly  co m p le te ly  a l t e r e d  and pseudom orphed by 

s e rp e n t in e  m in e ra ls  i n  th e  g a b b rc ic  t e s c h e n i te s .

The com position  o f  th e  o l iv in e s  v a r i e s  from  F a . , (ß = 1 .682) in  

th e  u p p er c h i l l e d  c o n ta c t s ,  a lth o u g h  a ran g e  o f  from  F a ^  (ß = 1 ,676) 

to  Fa1 ^ (ß = 1 .687 ) has been  found i n  th e  upper c o n ta c t  te s c h e n i te s  on 

K i l la r n e y  Gap; th ro u g h  to  Fa-j_a_o3 (ß = 1*690 -  ß = 1 .7 0 0 ) in  th e  o l i v in e



phenocrysts in the more differentiated porphyritic teschenites away from 

the margins*, to Fa (ß = 1*715) in the ophitic teschenites. Zoning of 

the olivines is present in the porphyritic and ophitic teschenites, but 

no attempt was made to measure the extent of enrichment in fayalite in 

the margins, partly because the margins nearly always suffer incipient 

alteration.

Zoning from a forsteritic core to a fayalitic margin is typical of 

teschenites (Wilkinson, 1956)-

The most magnesian composition (Fa.. ) was found in the upper

chilled margin, although seme 20-50 feet below this, the olivines had
changed with differentiation to Fa _. This indicates that the teschenite50
rapidly chills at the margins when intruded but then solidifies from the 

bottom of the sills upward, the volatiles and alkalis being forced upward. 

This keeps all but the chilled margin at the top liquid until the latest 

stages of crystallisation. Furthermore, both the gabbroic and pegmatitic 

types have been found near the top of the sills.

Clinopyr o xene:

This is always a pale mauve member of the diopside salite series. 

The pleochroism, which is never very marked, is: X = mauve (Yellowish) ,
Y = pale reddish violet, Z = mauve (reddish). The refractive index of 

the contact teschenite clinopyroxene is ß = 1.698*

The titanaugite shows great variation in habit. Both normal and 

hour-glass zoning is present in the coarser grained rocks.

In the basaltic contact rocks the titanaugites are dominantly small

and euhedral, sometimes forming glomeroporphyritic aggregations^ while
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in the ophitic teschenites, the titanaugites are larger, and. have ophitic 

relations -with the plagioclase. Where the titanaugites adjoin areas of 

analcitic mesostasis, green aegerine-augite rims are developed. Some 

twinning parallel to (lOO) is seen.

In both the gabbro and pegmatitic teschenites the titanaugites are 

larger in grainsize and have ophitic textural relations, green aegerine- 

augite rims being common*, while more chloritisation of the clinopyroxene 

occurs due to late stage deuteric activity.

Plagioclase!

In all specimens this forms elongated laths (elongated parallel to 

G) of varying sizes, with Albite, Carlsbad, and rare Pericline twinning. 

Except in the chilled margins, the plagioclase has ophitic relations with 

the titanaugite, which is indented by the plagioclase laths. The plagio

clase is zoned, with more albitic rims, the extent of the zoning being 

greatest in the pegmatitic teschenites.

The compositions of the plagicclases have been determined by the 

maximum symmetrical extinction angle perpendicular to (OlO) using the 

graphs of Winchell and Winchell (1951? P* 262, 283). The accuracy of these 

measurements is not expected to be greater than + 4- per cent molecular 

Ab or An.

The most calcic plagioclases, An^g, occur at the chilled margins of 

the sills. The plagioclase, in general, becomes more sodic with increas

ing differentiation, and the extent of zoning and grainsize also increase 

at the same time, Typical compositions of the plagioclases are!



37
P o r p h y r i t i c  and B a s a l t i c t e s c h e n i te s : An68

G p h it ic t t i t »
• An

60-52

G abbro ic i t i t *

An54

P e g m a ti t ic i t i i  •
• An60-45 ( zo n ed  x t a l )

The a n a l c i t i s a t i o n  o f  th e  p la g io o la s e  becomes more advanced in  

th e  g a b b ro ic  and p e g m a ti t ic  t e s c h e n i t e s .  A ll  th e  p la g io c la s e  l a t h s  in c lu d e  

m y riad  e lo n g a te  c r y s t a l s  o f  a p a t i t e ,

I ro n -T ita n iu m  o x id e s »

T hese  opaque o x id e s  a r e  p re s e n t  i n  a l l  th e  t e s c h e n i t e s ,  and th e y  can 

b e  r e f e r r e d  to  homogeneous T i - r i c h  m a g n e tite  — an Fe^TiO^-FeyDr-FeTiO^- 

Fe^O., s o l i d  s o lu t io n  ( N ic h o l l s ,  1955 j W ilk in so n , 1 9 5 7 b .) .  W ilk inson  

r e p o r t s  t h a t  t h i s  s o l id  s o lu t io n  i s  homogeneous i n  th e  B lack  Ja c k  s i l l ,  

and te rm s i t  t i ta n o m a g n e t i te .

I n  th e  c o n ta c t  t e s c h e n i t e s ,  th e  t i ta n o m a g n e ti te s  e i th e r  form  ex trem ely  

s n a i l  cubo ids o r  s k e l e t a l  and d e n d r i t i c  c r y s t a l s  i n  th e  r a e s o s ta s is .

The i r o n  t i ta n iu m  o x id es  o f  th e  c o n ta c t  t e s c h e n i t e  from  th e  u p p er 

c o n ta c t  have been  exam ined in  p o l is h e d  s e c t io n ,  and have a ls o  been X -rayed  

(Go K , r a d ia t io n )  to  d e te rm in e  th e  n a tu r e  o f  c e r t a in  in c lu s io n s  and a lso  

to  e n a b le  th e  u n i t  c e l l  d im ensions to  be c a lc u la te d .

The s m a l l ,  eu h ed ra l c r y s t a l s ,  •which a r e  a l i g h t l y  a n i s o t r o p ic ,  a re  

accom panied by d e n d r i t i c  and s k e l e t a l  c r y s t a l s  i n  th e  m e so s ta s is*  These 

l a t t e r  c r y s t a l s  i n  r e f l e c t e d  l i g h t  a re  p le o c h ro ic  and s t r o n g ly  a n i s o t r o p ic ,  

and have some p a tc h e s  o f  b lu e  a l t e r a t i o n  o r  e x s o lu t io n  p ro d u c ts ,  and from 

X -ray  e x am in a tio n  i t  i s  s u sp e c te d  to  be  b r o o k i te  o r  p se u d o b ro o k ite .

The s m a lle r  e u h e d ra l c r y s t a l s  a r e  s im i la r  to  th o s e  i n  th e  B lack  Ja c k  

s i l l  (W ilk in so n , 1957b) in  b e in g  i s o t r o p i c  (o r  o n ly  f a i n t l y  a n is o t r o p ic )



and homogeneous -without e x s o lu t io n  la m e lla e  o f  i lm e n i te .  The s k e l e t a l

t i ta n o m a g n e t i te s ,  r e v e a l in g  en rich m en t i n  FeTiO by t h e i r  a n is o tro p is m
3

and p le o c b ro ism , app ea r to  be q u i te  d i s t i n c t .
o

The u n i t  c e l l  edge o f  th e  t i t  ano m a g n e tite  i s  8.4-5 A. The d i f f r a c t 

io n  l i n e s  a re  sharp  and show no d i f f u s e n e s s  o r  d o u b lin g . The c e l l  edge 

i s  l a r g e r  th a n  th a t  f o r  p u re  m a g n e tite  (D ee r, H om e, and Zussman, 1962, 

v o l .  5> pp« 7 2 -7 3 j T ab le  1 2 ) .

I n  th e  p o r p h y r i t ic  t e s c h e n i t e s ,  l a r g e r  o p h i t i c  t i ta n o m a g n e t i te s ,

in te rg ro w n  w ith  th e  p la g io c la s e  and t i t a n a u g i t e ,  a re  fo und , as w e ll a s  th e

two form er ty p e s .  The o p h i t i c  t i ta n o m a g n e ti te s  o f te n  have a r im  o f

t i t a n b i o t i t e .  I n  th e  o p h i t i c  t e s c h e n i t e s ,  most o f  th e  t i ta n o m a g n e ti te s

a r e  l a r g e r  and have o p h i t ic  t e x tu r e .  I n  th e  g a b b ro ic  t e s c h n i t e s ,  la rg e

s k e l e t a l  form s a r e  found a s  w e ll a s  th e  o th e r  ty p e s  m entioned  above. I n

a l l  th e se  t i ta n o m a g n e ti te s  no e x te n s iv e  le u c o x e n a tio n  has o c c u rre d .

I n  th e  te s c h e n i te  p e g m a tite , th e  la r g e  c r y s t a l s  o f  t i ta n o m a g n e ti te

a r e  p r e f e r e n t i a l l y  a l t e r e d  to  la u co x en e  a long  ( i l l )  p la n e s ,  in d ic a t in g

unm ixing o f  th e  homogeneous t i ta n o m a g n e ti te  in to  an F e _ 0 ,-F e  TiO, r i c h
3 4- 2 4-

com ponent, and an FeTiO ^-Fe^07 r i c h  com ponent, th e  i lm e n i te  r i c h  component 

b e in g  su b se q u en tly  a l t e r e d  to  le u c o x e n e .

The e x te n t  o f  id iom orphism  o f  th e  m a g n e tite  d e c re a se s  w ith  l a t e r  

c r y s t a l l i s a t i o n .

A n a lc i te :

38

T h is  m in e ra l may be e i t h e r  p rim ary  o r  se c o n d a ry . When p r im a ry , i t  

o c c u rs  i n t e r s t i t i a l  to  th e  u n a l te r e d  p la g io c la s e  l a t h s ,  i s  c l e a r ,  i s o t r o p i c  

and in c lu d e s  c r y s t a l s  o f  a p a t i t e .  I n  th e  c h i l l e d  c o n ta c t ro c k s  th e r e  i s  a
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large amount of highly analoitic interstitial mesostasis, oonsisting of 

dendritic titanomagnetites, crystallites of titanaugite and aegerine-augite, 

apatites and chlorite set in the analcite base.

The great bulk of the analcite in the teschenites is primary^ but 

in some of the rocks, secondary analcite also occurs, forming either small 

pale yellow vughs with many inclusions, or analcitised margins of former 
plagioclase crystals.

In the teschenite pegmatite the analcite is not isotropic, but has a 

low D.R. , is completely twinned, and has a 2V” of 60° in places. Coombs 

(1933) states that non-cubic birefringent analcite has twinning parallel 
to the pseudo-cubic (110) planes - six sets of dodecahedral twin lamellae 
exist. Analcite similar to this has been seen in the pegmatitic teschenite.

Parts of the analcite are isotropic, others are anisotropic, and 
some are biaxial. This suggests that the analcite has inverted from a 
higher symmetry "strictly cubic form existing in the presence of water
vapour at moderately elevated temperatures to one or more forms of lowerordinary
symmetry stable at ̂temperatures ........ The fact that analcime is shown
to exist at ordinary temperatures with varying departures from cubic 
symmetry suggests that in its case transformations tend to be more sluggish 
or complicated so that we see the products in various arrested states". 

(Coombs, 1935> p* 704).
The cross hatched twinning in the analcites recalls the secondary 

twinning "readily produced by inversion processes in anorthoclase, leucite 

and other minerals." (Coombs, op. cit., p. 706)

Steiner (1955) suggests that on inversion, analcite loses K^O, 

while Wilkinson (1958) notes that K^O decreases with increasing
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d i f f e r e n t i a t i o n .

A p a t i t e :

T h is  m in e ra l form s ex trem ely  e lo n g a te d  p rism s and n e e d le s  w hich 

in c r e a s e  in  s iz e  w ith  d i f f e r e n t i a t i o n ,  th e  l a r g e s t  a p a t i t e s  b e in g  in  th e  

gabbro  and p e g m a ti t ic  t e s c h e n i t e s .  T h is  p o in t s  to  an in c re a s e  i n  v o l a t i l e  

c o n te n t  w ith  d i f f e r e n t i a t i o n .

The a p a t i t e  n e e d le s  a r e  co n fin ed  to  th e  p la g io c la s e  l a t h s ,  a n a l c i t e  

and m e s o s ta s is ,  su g g e s tin g  l a t e  s ta g e  c r y s t a l l i s a t i o n ,

B i o t i t e !

Bound m o stly  in  th e  c o n ta c t  t e s c h e n i t e s ,  i t  form s rim s to  titan o m ag - 

n e t i t e s ,  and a ls o  o c c u rs  as  sm all d i s c r e t e  c r y s t a l s .  The p le o c h ro ic  

scheme i s !

Y = maroon, X = p a le  3'-ellow brow n, Z = d a rk  r e d  brown*, X < Y = Z.

X = p a le  y e llo w , Y = d a rk  brow n, S = r e d d is h  brown*, X < Z = Y,

The r e d d is h  c o lo u r  can be c o r r e l a t e d  w ith  h ig h  TiO? (H a l l ,  1941*, 

Hayama, 1959) •

A lk a l i  B e isp a r :

Was d e te c te d  o n ly  in  th e  p e g m a ti t ic  t e s c h e n i t e s ,  w here i t  o ccu rs  a s  

rim s on th e  p la g io c la s e  l a t h s  and a s  d i s c r e t e  stumpy c r y s t a l s  o f 

a n o r th o c la s e .  The a n o r th o c la s e  (2V = 60°) has su b se q u e n tly  unmixed

s a n id in e  (2V~ = 20°) w hich te n d s  to  m ig ra te  to  th e  c r y s t a l  b o u n d a rie s . 

T h is  unm ixing has o c c u rre d  in  b o th  th e  rim s o f  a n o r th o c la s e  and in  th e  

d i s c r e t e  c r y s t a l s .

C a lc i te :

I n  th e  p e g m a ti t ic  t e s c h e n i te s  p rim ary  c a l c i t e  o c c u rs  w ith  w e ll d e f in e d
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outlines, forming large discrete crystals. It is interstitial in its 

mode of occurrence. Because the rocks are enriched in iron, it is 

probably sideritic.

mesostasis! is present in all the teschenites.

In the contact teschenites, large amounts of duty analcitic 

mesostasis, charged with crystallites of titanomagnetite, and titanaugite, 

represent the chilled liquid solidified after extrusion.

In the more differentiated teschenites the mesostasis represents 

the volatile enriched, late stage residuum, and crystallises to a mixture 

of analcite and apatite, with some titanomagnetite. Chlorite and calcite 

are also common. The mesostasis increases in amount with differentiation. 

Alteration products!

The olivine alters to bowlingite, a brown green mineral (Wilkinson, 

1958), and iddingsite, deep ruoy-red material. Iddingsite is not regarded 

as a valid mineral (Ming Shan Sun, 195*7} Wilshire, 1958} Brown and 

Stephen, 1959} Smith, 1959) 9 but a mixture of goethite and chlorite or 

hematite and quartz. Furthermore, Nagy and Faust (1958, p. 285) consider 

"chat bowlingite is not a valid mineral species, but that it is a mixture 

of chrysotile and antigorite. The other ferromagnesian minerals suffer 

chloritisation, the plagioclase alters to calcite, and sericite and 

kaolin also occur as alteration products.

Several modal analyses have been made of the teschenites, and 

these have been systematically related to their positions in the sills.

The main trends shown by the modes can be summarised as follows:

1. Concentration of clinopyroxene and olivine near the chilled



contacts. The clinopyroxene constitutes 40 per cent of the contact rocks, 

and olivine 20 per cent. These two minerals both decrease in amount away 
from the chilled contacts towards the more differentiated parts of the 

sills, the clinopyroxene decreasing to 20 per cent in the pegmatitic 

teschenites, and the olivine disappearing altogether in these rocks.
2. The plagioclase ranges from 25 per cent in the chilled margins, 

where it has an average composition of An,,-, to 45 per cent in the 

pegmatitic teschenite, where the plagioclase of composition An^r is accom
panied by alkali felspar. The analcitic mesostasis ranges from 6 per 

cent in the contact rocks, to 20 per cent in the pegmatitic teschenites. 
In the contact rocks, the dusty mesostasis is iron charged because of the 
large amount of very fine granules of iron oxide minerals, whereas in the 
differentiates it is much richer in analcite.

Apatite is also quite abundant, but has been included with the 
plagioclase in the modes, since the apatite needles usually lace the 
felspars.

The decrease in olivine and titanaugite, together with the increase 
in plagioclase, alkali felspar, and analcitic mesostasis, shows that on 
differentiation of the teschenites, the kgO and FeO decrease (although 
the PeO/kgO ratio increases with differentiation as the olivines become 
more fayalitic) , while the Na^O and K^O increase.

The trends parallel those found by kilkinson (1958) for the Black

42

Jack sill, apart from the contact teschenite, which is finer grained and 

has almost twice as much clinopyroxene as the Black Jack teschenite B1 

(i.ilkinson, 1958, Table 2). The clinopyroxene in the Black Jack sill
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in c r e a s e s  in  amount upwards from  th e  low er c o n ta c t  (W ilk in so n , 1958, P ig .

3) , b u t in  th e  handew ars th e  c lin o p y ro x e n e  d e c re a se s  i n  amount away from  

b o th  th e  to p  and bo ttom  c h i l l e d  c o n ta c ts  tow ards th e  c e n tre  o f  th e  s i l l s .

The ro ck s  ta k en  by W ilk inson  (1958) to  be th e  c o n ta c t  ro ck s  o f  

th e  B lack  J a c k  s i l l ,  a r e ,  a s  s t a t e d  by him (op . c i t . , p . 5) n o t c h i l l e d  

s e lv a g e s ,  b u t a re  th e  n e a r e s t  app roach  to  th e  c o n ta c t ,  w hich i s  obscu red  

by s c r e e  s lo p e s .  A lso , th e  top  o f  th e  s i l l  has been  eroded  away.

The p re s e n t  a u th o r  has been f o r tu n a t e  in  b e in g  a b le  to  lo c a te  i n  

s e v e r a l  p la c e s  in  th e  Nandewar k o u n ta in s  a re a  v e ry  f in e  g ra in e d  t e s c h e n i t e s ,  

r e p r e s e n t in g  th e  c h i l l e d  m argins o f  th e  s i l l s .  B o th  u p p er and low er 

c o n ta c ts  have been  found in  v a r io u s  l o c a l i t i e s .

A c h i l l e d  c o n ta c t t e s c h e n i te  from  th e  upper c o n ta c t  o f  th e  s i l l  

was s e le c te d  f o r  a n a ly s i s  to  a v o id  th e  p o s s i b i l i t y  o f  a n a ly s in g  an 

accu m u la tiv e  ro c k . T h is  s i l l  in t r u d e s  a T r i a s s i c  sequence (H an lon , 1948b) 

w hich l i e s  unconform ably  on fo ld e d  C a rb o n ife ro u s  b e d s , th e  Rocky C reek 

C onglom erates (k ch e lv ey  and W hite , 1964).

The t e s c h e n i t e  was c o l le c te d  j u s t  to  th e  e a s t  o f  k t .  Booby Waa a t  

3 0 °0 5 ’S 15C°08*E. The f in e  b a s a l t i c  t e x tu r e  and  g r a in s i z e  le a d s  to  th e  

c o n c lu s io n  t h a t  t h i s  c o n ta c t ro c k  was e n t i r e l y  l i q u i d  a t  th e  tim e  o f  

em placem ent. W ilk in son  (19589 p . 28) i s  o f  th e  o p in io n  th a t  th e  c o n ta c t  

ro c k s  he c o l le c t e d  from th e  B lack  J a c k  s i l l  w ere n o t e n t i r e l y  l i q u i d  

when in t ru d e d .

The a n a ly s i s  and norm o f  th e  c o n ta c t  t e s c h e n i te  i s  s e t  o u t b e s id e  

th e  d a ta  from  W ilk in so n  (1958) f o r  t e s c h e n i t e s  B1 and B2 from  th e  B lack  

J a c k  s i l l  in  T a b le  6  • The t r a c e  elem en t c o n te n ts ,  d e te rm in ed  by X -ray

f lu o re s c e n c e  a re  s e t  o u t b e s id e  th e  t r a c e  elem ent d a ta  f o r  th e  B lack  J a c k
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TABLE 6

CHEMICAL ANALYSES OF A CHILLED CONTACT TESCHENITE (GTS) FROM THE 

NANDEWAR MOUNTAINS, COMPARED WITH ANALYSES OF CONTACT XESCHENITES 

B1 AND B2 FROM WILKINSON (1 9 5 8 , TABLE 6) , FROM THE BLACK JACK SILL.

CDPW NORMS

CTS B1 B2 CTS B1 B2

S i0 2 4 5 .2 0 W4.78 4 ^ . 7 3 o r 1 0 .6 4 1 0 .5 6 1 1 .6 8

T i0 2 2 .4 2 2 .4 9 2 .5 8 ab 1 4 .6 0 1 8 .3 4 1 6 .7 7

a i 2° 5 1 3 . 3 9 1 4 .0 3 1 4 .4 2 an 1 9 .9 5 1 8 .0 7 1 7 .2 4

P e2°3
feO

2 .9 7 4 .1 5 2 .9 3 n e 3 . 5 9 5 .1 1 7 .3 8

8 .8 1 9 .1 5 9 . 5 1 (wo 

d i  ^en

1 0 .6 1 7 .7 7 8 .4 7

MnO 0 .1 9 0 .1 4 0 .1 5 7 .0 5 5 .2 0 4 .9 0

MgP 1 0 .2 0 9 . 5 7 8 .0 8 ( f s 2 .8 0 1 .9 8 3 .1 7

CaO 1 0 .1 2 8 .1 2 8 . 3 1 ( fo  

01 | f a  

i l

1 2 .8 6 1 3 .1 6 1 0 .5 0

N a O 2 .5 1 3 .3 0 3 .6 0 5 .6 3 5 .7 1 6 .3 2

k 20 1 .8 0 1 .7 7 1 .9 6 4 .6 0 4 .7 1 5 .0 2

P 0 2 5 0 .7 3 0 .6 2 0 .6 4 mt 4 .3 1 6 . 0 3 4 .1 8

nJ 1 .6 0 2 .0 5 2 .8 9 ap 1 .7 3 1 .3 4 1 .3 4

h 2o- 0 .1 4 0 .2 3 cc 0 .0 2

co2 0 .0 1 n t . f d . n t . f d . h20 1 .6 0 2 .1 9 3 .1 2

SrO 0 .1 0 R e s t 0 .1 8

Z r0 2 0 .0 3

BaO 0 .0 5

T o ta l 1 0 0 .1 3 1 0 0 .3 1 1 0 0 .0 3 T o ta l l0 0 .1 7 1 0 0 .1 7 1 0 0 .0 9

CTS C h i l le d  c o n ta c t  t e s c h e n i t e  fro m  an  u p p e r  c o n t a c t ,  C u lf  C re e k ,

N andew ar M o u n ta in s , A n a ly s t  M .J . A b b o t t .

B1 T e s c h e n i te  from  th e  B la c k  J a c k  s i l l ,  G-unnedah, 20 f e e t  above 

lo w e r c o n t a c t .  W ilk in so n  (1 9 5 8 , T a b le  6 ) .

B2 T e s c h e n i te  fro m  th e  B la c k  J a c k  s i l l ,  G-unnedah, 20 f e e t  above 

lo w e r  c o n t a c t .  'W ilk inson  (1 9 5 8 , T a b le  6 ) .



rocks Bl and B2 (Wilkinson, 1959) » ‘which were determined by optical 

spectrography (Table No. 7 ). Although optical spectograph determinat

ions do not have the same precision as the X-ray values, the data is of 

comparative value.
The chemical analysis of the Nandewar contact reveals, as expected 

from the high content of clinopyroxene in the mode, higher kgC and CaO 
values than the Black Jack rocks Bl and B2, and appreciably lower Na^O 
as expected from the lower modal plagioclase. The total Fe is also low

er, and this is reflected into the more forsteritic nature of the olivine,

which is Fanr in the Nandewar contact teschenite, and Fa_... in the Black 15 21
Jack contact rocks (Wilkinson, 1958)*

When the oxides BeO + Feo0 , Na^O + , and MgP are plotted on
an ABM diagram, the Nandewar contact teschenite plots further towards 

the Mg-rich corner than Bl or B2 (Wilkinson, 1958» p. 25» Pig. 5)*
Trace Elements:

The Zr contents of the Nandewar contact teschenite and those from 
the Black Jack sill (Bl and B2) are comparable (Table No. 7 ). Wilkinson

(i959) has found that most of the Zr occurs in the pyroxene, replacing 

the Ca(Wager and Mitchell, 1951).
The Black Jack teschenites (Bl and B2) have almost twice the amount 

of Sr than the Nandewar contact teschnite, whereas the Ba of the Nandewar 

teschenite is higher by about 100 ppm than in the Black Jack rock, B2.

Ba (r = 1.34 A) tends to follow Ca, and from data in other provinces 

(Heier and Taylor, 1959) Ba behaves similarly to Sr, decreasing at a 

more rapid rate than Sr with differentiation. Wilkinson (1959) states
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TABLE 7

TRACE ELEMENT BATA FOR A CHILLED CONTACT TESCHENITE (CTS) FROM THE 

NANDEMAR FOUNTAINS, COMPARED ,TTH TESGHEMITES B1 and B2 FROM WILKINSON, 

(1 9 5 9 , TABLE 8 ) .

( A l l  e x p re s s e d  i n  p a r t s p e r m i l l i o n  by w e ig h t)

E l em ent
0

r  ( i n  A) CTS B1 B2

Z rW 0 .7 9 206 250 200

S r 2+ 1.12 847 1500 1500

• R  2 +Ba 1 .3 4 421 275 325

Rb+ 1 .4 7 27 30 70

K/Rb 532 500 233

B a /S r 0 .5 0 .2 0 .2

C a /S r 855 393 407

CTS C h ille d  co n ta ct te s c h e n ite  from an upper c o n ta c t , G-ulf C re e k , 

Nandewar M ountains. A nalyst M.J. A bbott.

B1 T e s c h e n i te  from  th e  B la c k  J a c k  s i l l ,  20 f e e t  above  lo w e r c o n ta c t ,  

( v v i lk in s o n , 1 9 5 9 , T a b le  8) .

B2 T e s c h e n i te  fro m  th e  B la c k  J a c k  s i l l ,  20 f e e t  above lo w e r  c o n ta c t .  

( W ilk in s o n , 1 9 5 9 , T a b le  8) .
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t h a t  S r r e p la c e s  Ga in  p la g io c la s e  and a p a t i t e ,  and th e  s m a lle r  amount 

o f  S r in  th e  Nandewar te s c h e n i t e  can be  e x p la in e d  by th e  much sm a lle r  

amount o f  th e  p la g io c la s e .

The Rb c o n te n ts  o f b o th  th e  Nandewar and B la ck  J a c k  te s c h e n i te s  

a r e  s im i la r ,  and low . The ii/Rb r a t i o  o f  th e  Nandewar te s c h e n i te  i s  

53 2 , th a t  f o r  th e  B lack  Ja c k  te s c h e n i te  B1 500 , w h ile  th e  v a lu e  o f  200 

f o r  B2 su g g e s ts  t h a t  th e  Rb (70 ppm) i s  too  h ig h  (W ilk in so n , 1959 > T ab le

6).



PETROGRAPHY OF THE ALKALINE ROOKS
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BASALTIC ROCKS 

F ie ld  o c c u rre n c e

The b a s a l t i c  s h ie ld  o f  th e  volcano  c o n s i s t s  o f  a l a r g e  number o f  

f lo w s , each  20 to  50 f e e t  t h i c k .  Red b o le s  betw een flow s and v e s ic u la r  

to p s  a re  common, b u t th e re  a p p e a rs  to  be no g r e a t  e ro s io n a l  b re a k  in  

th e  sequence*, th e  b a s ic  v o ican ism  i s  h e ld  to  have been a s u c c e s s io n  o f  

q u ie t ly  e x tru d e d  flo w s. To su p p o r t t h i s ,  t h e r e  has been  no ev id en ce  o f  

any tu f f s }  J o p l in  ( p e r s .  comm») b e l ie v e s  t h a t  t u f f s  i d e n t i f i e d  by Je n se n  

(1907) in  th e  Nandewars a r e  i n  f a c t  v e s ic u la r  b a s a l t s .

A rem nant o f  one sm all s p a t t e r  cone has been  found a s s o c ia te d  w ith  

th e  f lo w s , where b a s a l t i c  g la s s  o c c u rs  a s  v e i n l e t s  and l e n t i c u l a r  s t r e a k s  

w ith in  th e  w ea th e red  p o r t io n  o f  th e  m a te r ia l  o f  th e  cone. T h is  s p a t t e r  

cone i s  on ly  v e ry  s m a ll ,  b e in g  l e s s  th a n  50 y a rd s  w id e , and i t s  p re se n c e  

in d i c a te s  no g r e a t  v io le n c e  i n  th e  v o lc a n ic  a c t i v i t y .

The b a s a l t i c  flo w s have been e x tru d e d  on to  a p en ep lan ed  M esozoic 

san d s to n e  s u r f a c e ,  and th e  b a s a l t  -  san d s to n e  c o n ta c t  has an e le v a t io n  

o f  2 ,000 f e e t  a . s . l .  i n  th e  p o r t io n s  o f  th e  v o lc a n ic  s h ie ld  now exposed .

On th e  h a p u ta r  c a ld e ra  w a l l ,  th e r e  i s  a 3,000 f e e t  th ic k n e s s  o f b a s a l t i c  

f lo w s .

C ross c u t t in g  d y k es , p lu g s ,  o r f e e d e r s  o f  b a s a l t  have n o t been 

found . P resum ab ly  th e s e  o r i g i n a l l y  e x is te d  a t  th e  c e n t r e  o f  th e  v o lc a n o , 

b u t s in c e  have been  ero d ed  away and a ls o  o b scu red  by th e  l a t e r  i n t r u s i o n  

o f  t r a c h y te s  a s  p lu g s  and domes.

The b u lk  o f  th e  flow s o f  th e  s h ie ld  ap p ea r to  be t r a c h y a n d e s i te s ,  

w ith  o l iv in e  b a s a l t s  and b a s a l t s  s u b o rd in a te .  T h is  in  d i r e c t  c o n t ra d ic t io n
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to the recent assertation of Chayes (1963) , that intermediate members of 

the alkali olivine basalt - hawaiite - mugearite - trachyandesite - 

trachyte - comendite series are scarce in relation to the bulk of the 
other types. True olivine basalts are extremely rare in this province, 

considering the great bulk of other basaltic rocks. In the section along 

the Xaputar Road, only one 50 feet thick flow of olivine basalt has been 
detected in the 3,COO feet thickness of the basaltic shield.

Petro graphically the basaltic rocks may be divided into three broad 

groups:
1. Porphyritic olivine basalts.
2. Porphyritic ’big felspar’ basalts.
3. Non-porphyritic basaltic rocks.

The last group is the most abundant, the ’big felspar' basalts being 
next in abundance, while, as noted before, the porphyritic olivine basalts 

are rare.
The trachyandesites appear to be quite persistent laterally, but 

the ’big felspar' basalts were extruded as a somewhat more viscous lava, 

undoubtedly due to the large percentage of phenocrysts.



so
N om enclature

The n o m en c la tu re  o f  th e  f i n e  g ra in e d  b a s a l t i c  ro ck s  i s  d i f f i c u l t  

b ecau se  o f  s e v e ra l  f a c t o r s .  Owing to  th e  ex trem ely  f in e  g r a i n s i z e ,  i t  

i s  im p r a c t ic a l  to  o b ta in  an a c c u r a te  mode. S in c e  th e  n a tu re  o f  th e  

f e l s p a r  l a r g e l y  d e te rm in es  th e  name to  be g iv e n  to  a ro c k , zon ing  i n  th e  

f e l s p a r s ,  and th e  p re se n c e  o f  s o l id  s o lu t io n s  o f  A c, An, and Or ( i n  p o ta sh  

o l ig o c la s e s  and  calc ium  r i c h  a n o r th o c la s e s )  r e n d e r s  th e  e x a c t d e te rm in a t

io n  o f  th e  f e l s p a r s  im p o ss ib le . T hese d i f f i c u l t i e s  have been  n o te d  

b e fo re  {kacD onald , I960*, Le h a i t r e , 1962).

The e s s e n t i a l  m in era lo g y  o f  th e  f i n e  g ra in e d  b a s a l t i c  ro c k s  i s  

p la g io c la s e  o f  a p p ro x im a te ly  a n d e s in e  com position  (a lth o u g h  i t  i s  zoned 

to  p o ta s h  o l i g o c l a s e ) , d io p s id ic  pyroxene and opaque i r o n  o x id e s . A ccord ing  

to  c l a s s i c a l  d e f i n i t i o n s  (Jo h an n sen , 1937> P* ISC e t .  s e q . H a t c h ,  W ells 

and  W e lls , 1961 , p . 2Ö9) th e se  ro c k s  a re  a n d e s i t e s .  However, th e  u s u a l  

p o r p h y r i t i c  h y p e rs th e n e -d io p s id e  a n d e s i t e s ,  h o rn b len d e  a n d e s i te s  and  

b i o t i t e  a n d e s i te s  a r e  common in  c o n t in e n ta l  o ro g e n ic  r e g io n s  and a r e  

c a lc -a lk a l in e " ,  w h ile  th e  n o n -p o rp h y r i t ic  ’’a n d e s i t e s “ o f  th e  N andew ars 

a r e  t y p i c a l l y  a l k a l in e  and q u i te  d i s t i n c t  from  th e  o ro g e n ic  ty p e s .

S e v e ra l a l t e r n a t i v e  names have been  u se d  fo r  a n d e s i t i c  ro c k s  w hich 

a r e  a l k a l in e .

The te rm  t r a c h y b a s a l t  ( jo h a n n se n , 1937 , p . 128) im p lie s  th e  p re se n c e  

o f  c a lc ic  p la g io c la s e  An 5 0 , to g e th e r  w ith  o r th o c la s e  o r a n o r th o c la s e .

Le k a i t r e  (1962) d e f in e s  t r a c h y b a s a l t  c h e m ic a lly , b u t n o te s  t h a t  W illiam s 

e t .  a l .  (1 9 5 4 , p .  57) s t a t e  “o r th o c la s e ” o r  a l k a l i  f e l s p a r  exceeds 10 

p e r  c e n t by volum e. The n o rm ativ e  f e l s p a r s  o f  th e  Gough I s .  t r a c h y b a s a l t s
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(Or^^Ab^gAn^y) can be presented by equal amounts of plagioclase more 

calcic than An_^ and alkali felspar (Le Maitre, 1962). The trachybasalts 
are the most abundant rock type on G-ough Island, and are usually por- 

phyritic, with phenocrysts of olivine, clinopyroxene, plagioclase 

(andesine), alkali felspar and opaques. The total alkalies range from 

5 per cent to 8 1/2 per cent.
The trachyandesites on Gough Island (Le Maitre, 1962) have equal 

quantities of plagioclase (An <50) , and alkali felspar, and 'bridge the 

gap between trachybasalt and trachyte.' Le Maitre uses trachyandesite 

' in preference to oligoclase andesite and hawaiite (Macdonald, I960) , 

as it best preserves the gradational nature of the series' (Le Maitre, 

1962, p. 1311). The normative felspar of the average trachyandesite on 
Gough Island is Or^^Ab^Ar^g, which can be expressed as equal amounts 

of alkali felspar and plagioclase less calcic than An^. The total 
alkalies of the trachyandesites ranges from 8 1/2 per cent to 10 l/2 per 

cent. Walker and Nicolaysen (1934) also use the term trachyandesite for 

the rocks of Mauritius.
Thus Le Maitre (1962) uses the terms alkali olivine basalt —  

trachybasalt —  trachyandesite —  trachyte for the alkaline lineage on 
Gough Island. Macdonald (1949? I960) , Muir and Tilley (1961) , and Yoder 
and Tilley (1962) use different rock names for the alkali series on 

Hawaii. The names which have been used for the saturated and over sat
urated alkali series are those pertinent to the problem in the Nandewars, 

When Macdonald (1949) named the .Hawaiin rocks andesine andesites

and oligoclase andesites, other workers assumed 'since both basalts 

and andesites are present in each, there is no real difference between
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th e  v o lc a n ic  ro c k s  o f  th e  c o n t in e n ts  and ocean b a s in s .  T h is  a s s e r t i o n  

i s  su p p o r te d  by r e f e r e n c e  to  my p a p e rs  on H aw aiian pe trography*  (M acdonald, 

I9 6 0 , p . 1 72 ).

M acdonald ad v o c a te s  th e  abandonm ent o f  th e  u se  o f  th e  te rm  ’a n d e s ite *  

f o r  o c e a n ic  ro c k s . For th o s e  ro ck s  in  w hich  th e  dom inant f e l s p a r  i s  

o l i g o c l a s e ,  th e  name m u g e a rite  (H a rk e r , 1904) i s  a p p r o p r ia te .  For th o se  

ro c k s  i n  w hich th e  dom inant f e l s p a r  i s  a n d e s in e , M acdonald d e f in e s  

’h a w a ii te  as  a ro ck  w ith  m oderate  to  h ig h  co lo u r in d e x , and f r e q u e n t ly  

b a s a l t i c  h a b i t ,  i n  w hich th e  n o rm ativ e  and modal f e l s p a r  i s  a n d e s in e , 

and w ith  soda: p o ta s h  r a t i o  g r e a te r  th a n  2 t l .  I t  g e n e r a l ly ,  b u t n o t

a lw ay s , la c k s  n o rm ativ e  q u a r t s ,  and commonly c o n ta in s  n o rm ativ e  and modal 

o l i v i n e .  H aw aiite  i s  in te rm e d ia te  betw een  a l k a l i  o l i v in e  b a s a l t  and 

m u g e a r ite ,  and g ra d e s  in to  b o th . I t  may a ls o  be i n t e r g r a d a t io n a l  w ith  

th e  a u g i te  a n d e s i te s  o f  c o n t in e n ta l  o ro g e n ic  r e g io n s ,  b u t i s  m arkedly 

d i s t i n c t  from  th e  h y p e rs th e n ic  and h o rn b le n d ic  a n d e s i te s  c h a r a c t e r i s t i c  

o f  th o se  r e g i o n s . *

Muir and T i l l e y  (1961) re c o g n is e  h a w a ii te  a s  a member o f  th e  s e r i e s  

a l k a l i  o l iv in e  b a s a l t  — t r a c h y te .  T h e ir  d e f i n i t i o n s  o f h a w a ii te  and 

m u g earite  a r e  b a sed  on th e  ty p e  o f  f e l s p a r  p re se n t*  . . . .  we may d e s c r ib e  

h a w a ii te s  m in e ra lo g ic a l ly  a s  b e in g  c h a r a c te r i s e d  by s tro n g ly  zoned 

f e ld s p a r s  ra n g in g  from  c a l c i c  a n d e s in e  to  a f e ld s p a r  o f lim e  a n o r th o c la s e  

ty p e ,  th e  two ty p e s  o f  f e ld s p a r  b e in g  p re s e n t  i n  ro u g h ly  equ a l p ro p o r t

io n s  o r w ith  p ia g io c la s e  dom inan t. I n  m u g e a r ite s  th e  p la g io c la s e  i s  

more s o d ic ,  and  th e  a l k a l i  f e ld s p a r  ( lim e  a n o r th o c la s e )  i s  p r e s e n t  in  

g r e a te r  amount th a n  th e  p la g io c la se * , l e s s  commonly, m u g e a rite s  may 

c o n ta in  i n t e r s t i t i a l  soda s a n id in e .  *
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The essential difference between the alkali olivine basalt —  

trachybasalt —  trachyandesite —  trachyte series and the alkali 
olivine basalt —  hawaiite —  mugearite —  trachyte series is in the 

soda : potash ratio. The latter series of rocks, exemplified by the 
Hawaiian alkaline series, has a soda : potash ratio of 211 or greater, 
whereas the former series, as on Gough Island, has a soda l potash ratio 
closer to unity. Therefore in the trachybasalt —  trachyandesite 

sequence, there is a greater amount of the Or molecule in the norm, 

and the alkali felspars are richer in potash. In the hawaiite —  rnug- 
earite sequence, the alkali felspar is more often a lime anorthoclase 

of quite sodic composition.
The series of rocks in the Nandewars appears to lie between the 

two extremes outlined above, and soda l potash is usually 111, ranging 

up to about 1.3:1.
Tilley (in press) has proposed that the soda-rich trachyandesites 

be called glenmorites, after Glen kor in kail, where these rocks are 
common. The potash-rich trachyandesites are termed tristhanites, after 

the types on Tristhan de Cunha.
The fine grained basaltic rocks in the Nandewars with significant 

normative or (10 per cent - 13 per cent) and with modal potash oligo- 
clase and perhaps calcic anorthoclase, ana lacking olivine, shall be 

called trachyandesites.
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Petrography

Porphyritic Olivine Basalts»

In hand specimen these rocks possess conspicuous phenocrysts of 
plagioclase set in a fine groundmass.

Microscopically they are porphyritic, with euhedral phenocrysts 
of olivine, titanaugite and plagioclase set in a fine groundmass of 
small plagioclase laths, titanaugites and opaque iron oxides.

The euhedral olivine phenocrysts, usually altered along the margins 

to iddingsite, have a composition of Pa?7 (ß = 1.6 98 - 1.700), 
measured from the cores of the crystals. The margins would be more 

iron rich, but the composition could not be determined because of the 

alteration.
The clinopyroxene phenocrysts are pale mauve, often with colour 

zoning, and have a = 1.701 - 1.703, ß = 1.705 - 1.707, y = 1-727,
2V = 53°, and dispersion r >  v moderate. The optics indicate little 
measurable enrichment in hedenbergite or acmite, and the composition is 

diopsidic.
The plagioclase phenocrysts are extensively zoned and range in

composition from An^, ß = 1.586 in 'the cores, to A n „ , ß = 1.560, at

the margins. The 2V of the plagioclase core is 78°, indicatingy b (
high temperature optics from the curves of Smith (1956) , in Deer,

Howie and Zussman, (1963). The plagioclase has albite and carlsbad

twinning with occasional pericline twinning.

The plagioclases in the groundmass range in composition from

An, _ (from extinction angle measurements). Carlsbad twins are 45- 2̂
common, and some albite twinning is present in the larger crystals
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The plagioclases of the groundmass are laced with apatite fibres, which 

are extremely elongated.

The clinopyroxenes in the groundmass are very small euhedral crystals 

elongated parallel to the *c’ crystallographic direction. They have a 

very pale brown colour,
Titanomagnetite crystals, with ragged outlines, are also common in 

the groundmass, and some small crystals of reddish titanbiotite are 

sparingly present,
HBig Felspar” Basalts!

These rocxs are very distinctive in hand specimen, consisting of 
large white phenocrysts of plagiociase up to 2" long set in a black fine 
grained groundmass. The amount of the plagiociase phenocrysts varies 

from about 5 Per cent to 50 per cent,
microscopically the rocks appear porphyritic, with the largest pheno

crysts of plagiociase, and some smaller phenocrysts of titanaugite while 
some entirely altered microphenocrysts of olivine appear in some of the 
rocks. The phenocrysts are set in a fine groundmass of small plagiociase 
laths, magnetite and augite crystals, mostly in pilotaxitic structure* 
but some of the basalts have trachytic flow structure.

The euhedral plagiociase phenocrysts are zoned, usually in an 
oscillatory manner, becoming generally more sodic towards the rims. The 

composition of the cores are generally about A n ^  (ß = 1,566) and 

extinction angle measurements indicate a range of composition to A n ^  at 

the margins, which may be slightly resorbed, and with inclusions just 

inside the margins of the phenocryst, Albite and carlsbad twins are
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a lm o s t e x c lu s iv e ly  d ev e lo p ed , -with some r a r e  p e r i c l i n e  tw in s .

T i ta n a u g i te  p h e n o c ry s ts  a re  u s u a l ly  p re s e n t  in  sm all am ount, and 

th e s e  may be zoned w ith  h o u r-g la s s  and norm al zo n in g . The r e f r a c t i v e  

in d e x  (ß  = 1.706) i n d i c a t e s  a co m p o sitio n  c lo se  to  d io p s id e .

I n  th e  groundm ass, l a t h s  o f  p la g io c la s e  and sm all e u h e d ra l c r y s ta l s  

o f  c lin o p y ro x e n e  and m a g n e tite  o c c u r .

The co m p o sitio n  o f  th e  p la g io c la s e ,  b ased  on e x t in c t io n  an g le

m easurem ents, r a n g e s  from  An _ C a rlsb a d  tw in s  a r e  most common, b u t
4Ü—pU

some a l b i t e  tw in s  a r e  p r e s e n t .

The c lin o p y ro x en e  c r y s t a l s ,  e u h e d ra l and e lo n g a te d  p a r a l l e l  to  th e  

' c ' c r y s ta l lo g r a p h ic  d i r e c t i o n ,  a re  p a le  brown to  c o lo u r le s s ,  and have 

and  have l i t t l e  a l t e r a t i o n .

k a g n e t i t e  c r y s t a l s ,  o f te n  rag g ed  in  o u t l i n e ,  a re  abundan t in  th e  

groundm ass. E lo n g a te  a p a t i t e  n e e d le s  a r e  p r e s e n t  in  th e  p la g io c la s e  

l a t h s ,  w h ile  some r a r e  deep mauve c r y s t a l s  o f  t i t a n b i o t i t e  ? o c c u r ,

These ro c k s  u s u a l ly  s u f f e r  advanced a l t e r a t i o n ,  w ith  much c h l o r i t e  

p r e s e n t  in  th e  groundm ass, and secondary  c a rb o n a te  a l s o .

T rac h y an d es ite sS

I n  hand specim en th e s e  ro c k s  a r e  f i n e  g ra in e d ,  b la c k ,  and have a 

c h a r a c t e r i s t i c  ’ sh een ' owing to  th e  t r a c h y t i c  flow  s t r u c t u r e  i n  th e  

f e l s p a r s .

m ic ro s c o p ic a lly  th e y  a r e  n o n - p o r p h y r i t i c ,  a lth o u g h  m ic ro p h en o c ry s ts  

o f  p la g io c la s e  can  o c c u r. The o u lk  o f  th e  ro c k  c o n s is ts  o f  sm a ll l a t h s  

o f  p la g io c la s e  w ith  t r a c h y t i c  flow  s t r u c t u r e ,  eu h ed ra l a u g i te s  e lo n g a te d  

i n  th e  ' c '  c r y s ta l lo g r a p h ic  d i r e c t i o n ,  and cubes o f  t i ta n o m a g n e t i te .  

O ccas io n a l pseudom orphs a f t e r  o l i v in e  o c c u r. The p la g io c la s e  i s  o f te n



laced with apatite needles.
The plagioclase ini crop heno crysts when present have a composition 

of An_~ (ß = I.563) and usually have albite twinning. These micro- 

phenocrysts sometimes show signs of reaction with the magma, suggesting 

disequilibrium upon extrusion, kany of the microphenocrysts are crowded 
with minute inclusions. Potash oligoclase rims on some of the plagio

clase laths are also possibly present, these margins being untwinned, 

Joplin (1964, p. 60) suggests that these corroded phenocrysts may be 

xenocrystal.
The composition of the groundmass plagioclase is difficult to det

ermine because of the fine grainsize, but a range of from A n ^  (a = 1.556)

to An _ (a = 1.547) is indicated. Extinction angles of the simple3b
Carlsoad twins support this range of composition. The more sodic compos

itions probably also contain sizeable amount of potash in solid solution, 

because of the high K^O of the rocks. The presence of interstitial fels
par, untwinned and with low D.R., suggests the presence of alkali felspar, 

possibly a calcic anortboclase.
The microphenocrysts of titanaugite are very pale mauve with

ß = 1.703. Pale euhedral crystals elongated parallel *c* crystallographic 

direction are quite abundant in the groundmass and make up nearly all 

the clinopyroxene in the rock.



TRACHYTIC ROCKS

The field occurrence of the broad group of rocks here termed 

trachytic is much more varied than for the basaltic types.

Dykes intrude the basaltic flows on the Ivaputar Plateau* they 

also intrude the Carboniferous near Rocky Creek* and dykes occur in the 

Mt. Grattai - Castle Top kountain area. As the dykes become more 

massive and bulbous, they begin to take the form of plugs, and these 

are also quite numerous. Some of the plugs possess very well devel

oped vertical columnar jointing, while others (the Governor) have 

platy horizontal joints. Both the dykes and plugs tend to be promin

ent in outcrops, especially when intruding basaltic pocks.

Several round to oval shaped outcrops of trachytic lava possess 

the typical structure of domes as outlined by Williams (1932). Dome 

is a general term for domed-shaped extrusions, while steep sided 

domical intrusions are called "tholoids” (Williams, op. cit., p. 53» 

Cotton, 19^4, p. 158)»

Williams (op. cit. p. 54) subdivides domes into three broad types:

(i) Plug domes which represent upheaved conduit fillings.

(ii) Endogenous domes which grow by expansion from within.

(iii) Exogenous domes built by surface effusion, usually from a 

central summit crater.

One dome occurs on the Kaputar Road and intrudes Mesozoic sand

stones, forming a ring-shaped structure, the central part of the dome 

being covered by sandstone which has not yet eroded away. The diameter 

is 1.5 miles, the surface is irregular, and there appear to be subsidiary



domes within the area of outcrop. This may be due to an irregular 

feeding conduit. A steep-sided peak occurring on top of the dome is 

composed of trachyte, and has platy jointing parallel to the walls of the 

intrusion, becoming horizontal at the top. The jointing on the top is 

generally undulating and seems to indicate the contours of the roof of 

sediments under which the trachyte was intruded. A concentric lineation 

is visible on aerial photographs. The absence of rubble and angular 

blocks on the surface, the presence of the sub-horizontal undulating 

platy jointing on the top surface, and the fact that few vesicles occur 

in the lava appears to support an intrusion of the endogenous type, 

as defined by Williams (1932, p. $k) i.e. an intrusion under a cover of 

country rocks.

Another trachyte dome, south-west of Killarney G-ap, is about 1.5 

miles long, 1 mile wide, and has a dome-shaped surface and an elevation 

above the surrounaing rocks of over 500 feet. A concentric lamination 

is detectable from aerial photographs. In cross section, the jointing 

tends to be parallel to the surface of the dome on the west. In a creek 

which cuts through the dome on the eastern side, Permian sediments which 

form the floor of the dome have been indurated by the heat of the 

intruded lava. The trachyte of the dome, immediately above this, has 

rough jointing, perhaps indicating flow structure, and this jointing 

dips towards the centre of the dome at about 60°. The lava is not 

vesicular, and thus the dome was most likely injected endogenously.

Many other domes are present in the province. Some of the more 

bulbous types of trachyte dykes resemble domes, and a transition between
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the two can be seen in various localities in the Nandewars.

The general absence of trachytic tuffs or explosion breccias 

indicates that the domes in the Nandewars are generally endogenous.

Williams (1932) states that perfect dome shapes are unknown 
because the lower slopes are covered with talus deposits, but the sides 

of domes would probably prove to be vertical if the lower talus were 
removed. If the domes are exogenous in type, the crusts of the domes tend 

to be shattered during extrusion, and the surface is littered with angular 

blocks. The expansion of the dome during emplacement presumably causes 
the blocky cover, and due to the rapidity of cooling jointing will usually 

be quite irregular, and strong columnar jointing is absent. None of 

these features of exogenous domes are seen in the Nandewars.
Jointing is best seen in those domes emplaced under a cover of 

rocks’, and in these cases the jointing is dominantly vertical, and 
crudely concentric with the margins or radial, while there may also be 
platy jointing parallel to the surface, this latter simulating flow 

banding. Platy jointing bears no relation to the inner form of the 
dome. These feature of endogenous domes as described by Williams (1932) 
are rather similar to those found in the Nandewars, and supports the 

belief that the Nandewar domes are endogenous.
The lava of the endogenous domes is poor in gas, according to 

Williams (1932), since the highly gas-charged lavas would punch their 
way to the surface by volatile pressure. The paucity of gas in the 
endogenous types gives lavas which are not very vesicular, although 

they are viscous. High viscosity of lava appears to be necessary for 

the formation of domes, since only rhyolitic, dacitic, trachytic, and
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a n d e s i t i c  ty p e s  have been  found  (,W illiam s, op . c i t , ) .  The grow th  o f  

th e  domes i s  a lso  r a p id ,  s in c e  th e  la v a  would c h i l l  i f  in t r u d e d  slo w ly .

The developm ent o f  domes a p p e a rs  to  r e p r e s e n t  th e  c lo se  o f  a c t i v i t y  

a t  many v e n ts .  T h is  i s  p a r t i c u l a r l y  so fo r  th e  exogenous ty p e s  o f  

domes, and th e  p re se n c e  o f  h ig h ly  d i f f e r e n t i a t e d  co m en d itic  ro c k s  in  

th e  Nandewar domes shows th a t  th e s e  a re  a ls o  l a t e  i n  th e  v o lc a n ic  c y c le ,  

i f  th e  re a s o n a b le  assum ption  t h a t  th e  sequence o f  a c t i v i t y  has been  

from  b a s ic  to  a c id ,  i s  made.

A r in g  s t r u c t u r e  o f  t r a c h y te  e x i s t s  in  Found C reek , c o n s is t in g  o f  

a r in g  dyke o f  t r a c h y te  w ith  a t r a c h y te  p lu g  a s  a c e n t r a l  c o re . The 

j o i n t in g  v a r i e s ,  b u t i s  dom inan tly  v e r t ic a l* ,  c o n c e n tr ic  lin e a m e n ts  a re  

a lso  v i s i b l e  on a e r i a l  p h o to g rap h s . S e v e ra l s a t e l l i t i c  r a d i a l  dykes 

a re  o f f s h o o ts  o f  th e  main m ass. The g r a in s iz e  o f  th e  t r a c h y te  i n  th e  

s t r u c t u r e  v a r i e s ,  w h ile  th e  flow  s t r u c t u r e  i s  random .

A m inor flow  o f  t r a c h y te  50-100 f e e t  th ic k  e x i s t s  to  th e  n o r th  

o f  k i i l a r n e y  Cap, w h ile  th e  to p  o f  C a s t le  Top M ountain i s  a lso  capped 

by a m inor trac h y u e  flo w . B oth  th e s e  flo w s a r e  n o t p e r s i s t e n t  l a t e r a l l y ,  

a lth o u g h  th e y  a re  th ic k e r  th a n  any o f  th e  b a s a l t i c  f lo w s . The K ii la rn e y  

Cap f lo w , b e in g  th e  most b a s ic  t r a c h y te  in  th e  p ro v in c e , i s  somewhat 

more e x te n s iv e  th a n  o th e r  t r a c h y te  o u tc ro p s .

V o lcan ic  t u f f s  and b r e c c ia s  o f  t r a c h y t i c  co m position  a re  a b sen t 

i n  th e  N andew ars, u n lik e  th e  W arrum bungles, ( J e n s e n ,  1907). E i th e r  a l l  

th e  o r ig i n a l  t r a c h y t i c  t u f f s  have been eroded  away, o r e l s e  th e  t r a c h y te s  

were n o t en p laced  d u rin g  e x p lo s iv e  v o lcan ism . The l a t t e r  p o s s i b i l i t y  i s  

fav o u red  b ecau se  o f  th e  n o n - v e s ic u la r i ty  o f  th e  tr a c h y te s ',  t h e i r
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t e x tu r e  i s  more a p p ro p r ia te  to  an  emplacement b e n e a th  a cover o f  co un try  

ro c k s .

G re a t v a r i a t io n  i n  mode o f  o c c u rre n c e  i n  th e  t r a c h y te s  n a t u r a l ly  

le a d s  to  g r e a t  d i f f e r e n c e  in  t h e i r  t e x tu r e s .  However th e  m ajor m in e ra ls  

p r e s e n t  (som etim es to  th e  e x c lu s io n  o f  a l l  o th e rs )  a r e  th e  f e l s p a r s ,  

and some d iv i s io n  o f  th e  t r a c h y te s  on th e  b a s i s  o f  th e  ty p e  o f  f e l s p a r  

p r e s e n t  seems d e s i r a b l e .  The d i f f e r e n t i a t i o n  o f  th e  ro c k s  a t  th e  t r a c h y t i c  

s ta g e  o f  a l k a l i  enrichm ent o f  th e  magma i s  c o n t ro l le d  by f e l s p a r  

f r a c t i o n a t i o n .

From t h e o r e t i c a l  c o n s id e ra t io n s  ( T u t t l e  and Bowen 1958» T u rn e r and 

Verhoogen ( i9 6 0 ) )  and th e  p r a c t i c a l  r e s u l t s  o f  C arm ichael ( i9 6 0 ,  1963)» 

d i s t i n c t i o n  can be drawn betw een two f e l s p a r  t r a c h y te s  ( p la g io c la s e  + 

a l k a l i  f e l s p a r )  and one f e l s p a r  t r a c h y te s  ( a l k a l i  f e l s p a r ) .  The form er 

co rre sp o n d s  to  th e  e a r l i e r  s ta g e  o f  d i f f e r e n t i a t i o n  in  th e  t r a c h y te  

s e r ie s }  th e  l a t t e r  r e p r e s e n ts  th e  f i n a l  s ta g e .

C arm ichael (1963) b e l ie v e s  th a t  o n ly  i n  th e  v o lc a n ic  o ro g e n ic  s e r i e s  

o f  r o c k s ,  w here b a s a l t i c  magma i s  m o d ifie d  by a s s im i la t io n  to  p roduce 

a n d e s i t e ,  do th e  a c id  l i q u id s  g iv e  r i s e  to  two f e l s p a r  assem b lages 

(p h e n o c ry s ts  o f  p la g io c la s e  and a l k a l i  f e l s p a r  o r  s a n id in e ) . The a l k a l in e  

and t h o l e i i t i c  s e r i e s  a r e  made up o f  th e  one s e r i e s  o f  f e l s p a r s  -  th e  

p la g io c la s e  -  a n o r th o c ia s e  s o l id  s o lu t io n  s e r i e s  (op . c i t .  1963 ).

C arm ichael (1963) has l a r g e l y  been  co n ce rn ed  w ith  e q u i l ib r iu m  c r y s t a l l 

i s a t i o n .

I n  th e  Nandewar p ro v in c e , th e  c r y s t a l l i s a t i o n  o f  th e  v o lc a n ic s ,  in  

p a r t i c u l a r  th e  t r a c h y te s ,  has been  l a r g e ly  a n o n -e q u il ib r iu m  p ro c e s s .

I n  some o f  th e  t r a c h y te s  two o r  more p ro g re s s iv e  members o f  th e  p la g io c la s e
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- p o ta s h  o l ig o c la s e  -  a n o r thod a s e -  a l k a l i  f e l s p a r  d i f f e r e n t i a t i o n  s e r 

i e s  a re  p r e s e n t .  On th e  o th e r  hand , th e  m ost d i f f e r e n t i a t e d  t r a c h y te s  

and com endites c o n s is t  o f  one f e l s p a r ,  a s a n id in e -a n o r th o c la s e  c ry p to -  

p e r t h i t e  o f  th e  com position  o f  th e  a l k a l i  f e l s p a r  imLniraum, A b^O r., .•

I t  i s  th e r e f o r e  n e c e ssa ry  to  d i s t i n g u i s h  th e s e  two ty p e s  o f  t r a c h y te ,  

and one and two f e l s p a r  t r a c h y te s ,  as  h e re  d e f in e d ,  do n o t c o rre sp o n d  to  

th o se  o f  C arm ichael (1963)»
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P e tro g ra p h y

Two f e l s p a r  t r a c h y te s !

The most b a s ic  t r a c h y te  i n  th e  p ro v in c e  o c c u rs  a s  a m inor flow  

n e a r  h i l l a r n e y  Gap (KG-).

The ro c k  lias p o r p h y r i t i c  t e x tu r e ,  w ith  p h e n o c ry s ts  o f  tw inned  

o l i g o c la s e  (An *, a l b i t e  tw inn ing ) rimmed w ith  un tw inned  a l k a l i  f e l s p a r
jU

and stum p ty  p h e n o c ry s ts  o f  a n o r th o c la s e  s e t  i n  a groundm ass o f  stumpy 

o r th o p h y r ic  f e l s p a r  c r y s t a l s  c o n s is t in g  o f  r a r e  o l ig o c la s e  and abundan t 

a n o r th o c la s e .  G reen  a u g i t e s ,  some e u h e d ra l,  b u t most s u b h e d ra l ,  a ls o  

o ccu r i n  th e  groundm ass. Most o f  th e s e  a u g i te s  have m yriad  a p a t i t e  

and  z i rc o n  in c lu s io n s .  E u h ed ra l t i ta n o m a g n e t i te s , th e  l a r g e r  w ith  ilrnen- 

t i t e  e x s o lu t io n  l a t h s  ( s e e n  in  p o l is h e d  s e c t io n )  a r e  s c a t t e r e d  th ro u g h o u t 

th e  ro c k . R a re  p h e n o c ry s ts  o f  o l i v i n e ,  a lm o st e n t i r e l y  pseudom orphed 

by s i d e r i t i c  c a rb o n a te ,  o ccu r a s  p h e n o c ry s ts . M easurement o f  a fragm ent 

o f  o l i v in e  w hich  was u n a l te r e d  gave an  ap p ro x im ate  2V^ o f  6 0 -8 0 ° , 

in d i c a t i n g  a  ra n g e  o f  co m p o sitio n  o f  from  Fa.^. to  F a ^ .

The o l ig o c la s e  p h e n o c ry s ts  (ß  = 1 .5 4 3 ) ,  have m u l t ip le  a l b i t e  

tw in n in g  and a r e  rimmed w ith  un tw in n ed  a l k a l i  f e l s p a r }  some o l ig o c la s e s  

have e x s o lu t io n  o f  a l k a l i  f e l s p a r .  A p a t i te  and z i rc o n  in c lu s io n s  a r e  

common. The a n o r th o c la s e  p h e n o c ry s ts  (ß  = 1 .534? Y = 1»540, 2V = 41-56°) 

som etim es dev e lo p  c ro s s -h a tc h e d  tw in n in g  and a r e  rimmed w ith  u n tw in n ed  

a l k a l i  f e l s p a r .  O th er a n o r th o c la s e  p h e n o c ry s ts  develop  ’ b lo tchy* 

e x t in c t i o n  e f f e c t s ,  in d ic a t in g  t r a n s i t i o n a l  th e rm a l s t a t e s .  Some e x so l

u t i o n  o f  an  u n id e n t i f i e d  f e l s p a r  can  a ls o  be se e n . These p h e n o c ry s ts  

a r e  rimmed a ls o  w ith  an untw inned  a l k a l i  f e l s p a r ,  and  some have a r im  

o f  in c lu s io n s  n e a r  th e  m argin o f  th e  c r y s t a l s .
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The groundmass f e l s p a r s  c o n s is t  o f  r a t h e r  s p a r s e  stumpy o l ig o c la s e  

c r y s t a l s  to g e th e r  w ith  abundan t a n o r th o c la s e .

T ra c h y te  22 i s  s im i la r  to  th e  one j u s t  d e s c r ib e d  from  K il la rn e y  

G-ap, and  c o n s i s t s  o f  p h e n o c ry s ts  o f  a n o r th o c la s e ,  o l i g o c la s e ,  and 

su b h e d ra l g re e n  a u g i te s  (ß  = 1 .7 1 6 , 2V = 55°) s e t  in  a groundm ass o f 

a n o r th o c la s e  and r a r e  o l i g o c la s e .

A no ther two f e l s p a r  t r a c h y te  ( l p l - 2 )  has p h e n o c ry s ts  o f  a n o r th 

o c la s e  (a  = 1 .5 2 9 3 ß = 1 .5 3 6 , Y = 1*540, 2V = 41 -3 3 °) and o l ig o c la s e  

( e x t i n c t i o n  a n g le  1 1 -1 2 ° ) ,  b o th  ty p e s  o f  f e l s p a r  b e in g  rimmed w ith  

a l k a l i  f e l s p a r  w ith  ß = 1 .5 2 5 . The groundm ass f e l s p a r  l a t h s ,  w ith  

t r a c h y t i c  flo w  s t r u c t u r e ,  c o n s is t  o f  a l k a l i  f e l s p a r  w ith  a = 1 .5 2 6 -1 * 5 2 8 . 

Some p h e n o c ry s ts  o f  g reen  a u g i te  ß = 1 .7 2 0 , 2V = 56° a r e  a ls o  p r e s e n t ,  

a s  Vi/ell a s  t i ta n o m a g n e t i te s .

T hese  two f e l s p a r  t r a c h y te s  a r e  th e  most b a s ic  ty p e s ,  and a re  

t r a n s i t i o n a l  to  m u g e a rite  (M uir and T i l l e y ,  1961 ).

One f e l s p a r  t r a c h y te s ;

A l l  th e  o th e r  t r a c h y te s  p o s se s s  one f e l s p a r  a lo n e , a member o f  th e  

s a n id in e  -  a n o r th o c la s e  c r y p to p e r th i t e  s e r i e s  ( T u t t l e ,  1952) tr e n d in g  

tow ards th e  f i n a l  co m p o sitio n  Qr^_ A b ^ ,  a minimum on th e  Or -  Ab jo i n .

The t r a c h y te  24 from  a dome on th e  K apu tar ro a d ,  i s  t y p i c a l .

I t  c o n s is t s  o f  p h e n o c ry s ts  o f  a l k a l i  f e l s p a r  (ß  = 1 .531? 2V = 56—60°) 

s e t  i n  a t r a c h y t i c  groundmass o f  a l k a l i  f e l s p a r  l a t h s  w ith  i n t e r s t i t i a l  

g re e n  a e g e r in e - a u g i te  (ß = 1 .7 5 8 , 2V = 88 ) , a r fv e d s o n i te  (X = d ark  

b lu e  g re e n , Y = p a le  v i o l e t  b row n, Z  = d a rk  g re e n , 2V = 71°) and  co ss -  

y r i t e  (X = l i g h t  brow n, Z  = Y = d a rk  brown) , w ith  some i n t e r s t i t i a l
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quartz also, and titanomagnetite (some rimmed with cossyrite).

The trachytes occurring on the Governor (e.g. G0V4) are similar, 

consisting of alkali felspar phenocrysts (a = 1.526, ß = 1.532,

Y = 1*534* 2V = 60-61°) , green sodic ferrohedenbergite phenocrysts 

(a = 1.722, ß = 1.734, y = i.756, 2V = 66°, analysis GOV4px) set 

in a groundmass of elongate sodic ferrohedenbergites, laths of alkali 

felspar with trachytic flow structure, and interstitial arfvedsonite 

and cossyrite. There are sparse titanomagnetite crystals, often rimmed 

with cossyrite.

In one of the trachytes on the Governor (G0V2) the only ferro-

magnesian minerals present are aegerine-augite and titanomagnetite.

This difference in the ferromagnesian assemblage in otherwise similar

rocks is held to be due to differences in P , and this will be discussed
2

later. In another of the trachytes from the Governor (GOVl) the cossyrite 

shows a peculiar pleochroism of dark green to red brown.

In several of the trachytes from Castle Top Mountain (CT1, CT2) , 

generally similar assemblages are present, but the amphibole has quite 

distinct optics, with a pleochroic scheme ! X = light brown-green^

Y = dark brown-green*, Z = dark yellow-green, X<' Y <  Z, Z' c = 23° •

The amphibole does not appear to be similar to the bluish riebeckite- 

arfvedsonites found elsewhere, and is probably quite distinct in com

position.

In the more differentiated trachytes (100-6, Mt. W) , a fine grained 

mass of carlsbad twinned alkali felspar and poikilitic riebeckite- 

arfvedsonites are present, together with interstitial quartz. In the
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Mt. W. trachyte there are also some phenocrysts of alkali felspar

(2V = 50-58°) ? and also abundant small zircons in the groundmass.

An alkali syenite (118-2) has been found in Oakey Creek, with

phenocrysts of oligociase with multiple albite twinning (a = 1.54-5?

Y = 1.555? An7, ,_) , mauve titanaugite (a = 1.693? ß = 1*699? Y = 1*718) 53“ 5b
set in a groundmass of alkali felspar and quartz. This rock is the coarse 

grained equivalent of the trachytes. There is extensive carbonate alter

ation.
Comendites!

In the final stage of differentiation, only alkali felspars and

quartz are present. These rocks usually have a molecular excess of
11 a 0 + K n0 over Alo0 , and are termed comendites. (Lacroix, 1930)2 2 2 3
Jensen (1907) has called these rocks bostonites.

These comendites (73-12, 73-5, 104-11, Mt. L, 26) consist of pheno
crysts of sanidine-anorthoclase cryptoperthite (a = 1.526-1.528, 

ß = 1.532, y = 1*533-1*535? = 4-2-59°) which often have blotchy
extinction and minor exsolution, set in a groundmass of alkali 

felspar laths with trachytic flow structure and simple Carlsbad twinning, 
together with interstitial quartz. The comendite 73-12 has orthophyric 
texture, with the felspar phenocrysts set in a mass of stumpy anortho- 

clase laths with interstitial quartz.
These comendites have compositions trending towards the minimum 

melting composition in the system NaAlSi^Og - KAlSi^Og - SiÔ *? with 

felspar of composition Abg_0r^_ and quartz.
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OLIVINES

The most conspicuous feature of the Nandewar alkaline volcanic

province is the paucity of olivine basalts, -which are normally the most
abundant rock type in alkaline provinces of the oceanic islands such as

Hawaii, (Macdonald, 1949) , Tahiti (killiams, 1933) j Samoa (Macdonald,

1944) , St. Helena (Daly, 1927) and dough Island (Le Maitre, 1962). An

abundance of olivine basalts is also common in continental alkaline
provinces*, in Victoria (Edwards, 1938a and 1938b) and in the Otago
province, New Zealand (Benson, 1941).

In the few flows of olivine basalt which do occur in the Nandewars,

the olivine forms phenocrysts, often altered along the rims and cracks
within the mineral grains, to "iddingsite'* (see discussion in the
teschenite section on the validity of this mineral) and serpentine

minerals. In the trachyte KG only small residual of olivine, within the
core of a sideritic carbonate pseudomorph, was found. The uncertainty
of the optical determination of this grain naturally leads to a similar
uncertainty in the composition, but the value F a ^  is favoured rather
than Fa on chemical grounds (the Fe/Fe + kg ratio of the ferromagnesian yj
minerals in the norm is 47.6).

All the olivine compositions have been determined optically using

the graph of Deer, Howie, and Zussman (1962, vol. 1, p. 22, Fig. II),
which was compiled in part from Bowen and Schairer (1935)» The olivine

2+ 2+optics, compositions, and He /Fe + Mg ratios in the ferromagnesian 

minerals of the norms of the rocks from which they were taken, are set 

out in Table 8
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The iron-rich nature of the olivine, its paucity, and also the low 

MgO contents of the rocks themselves, attests to the relatively diff
erentiated nature of even the most basic olivine basalt in the volcanic 
phase (dr 1).

In the table it can be seen that, for the analysed rocks, the 

olivine is more Fe^+ rich than the corresponding Pe^+/Fe^+ + Mg ratio 
in the ferro magnesian minerals of the norm. This is caused by oxidation 

and alteration of the analysed rocks, and is a petrogenetic point which 
will be discussed later.

Where both olivine and clinopyroxene are present (e.g. in the anal

ysed rocks 5P and KG, and the analysed clinopyroxenes from them} and
2+also in the olivine basalt Grl), the olivine is enriched in Fe relat

ive to the clinopyroxene (Fig. 1 ) , the relation usually seen in alkaline

rocks (Muir and Tilley, 1961} Le Maitre, 1962} Aoki, 1964*, Carmichael, 

1960a, and Wilkinson, 1958)« Unlike these quoted examples, however, 
the Nandewar province does not show any examples of olivines persisting 
beyond the middle stage of differentiation, where a composition of Fa^, 
is attained.
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TABLE 8

SOME OPTICAL PROPERTIES OF OLIVIKE IK NAKDEWAR ROCKS

Rock number and type Optics Composition Ratio Fe2+/Fe2+ + Mg 
in norm ferromag.

CT6 porphyritic olivine 
alt

bas-- ßl.699 Fa23

32 i t i t t i ßl • 700 Fa24
5 t i t t i t al.684

Yl.723
Pa27

5P i t i t i t ßl.698 Pa23 11.8

Or 1 i t i t i i ßl. 704 Fa26 16.7

E7 i t i t i t ßl.717 Fa3l 19.4

E8 i t i t i t ßl.722 Pa34 23.9

KG trachyte (two felspar) 2V"=60-80° Pa30-40 47.6

Refractive indices accurate to -  0.002

The rocks 5P» G-r 1 , E7, E8 and KG have been chemically 
analysed (Tables29-32 )•
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PYROMffiS

General Statement and Separation methodst

Pyroxenes are present in all the alkaline rocks examined except the 

leucocratic comendites, -which have no ferromagnesian minerals at all.

Separation methods varied for the different pyroxenes. The pyroxene 

xenocryst Plpx was dug directly out of the rock, crushed to pass 100 mesh, 

centrifuged in methylene iodide and cleaned by treating in a 1T1 HOI 

solution over a water bath., for 4 hours jextracted with a 10 per cent sol

ution of NaoC0^ (Muir and Tilley, 1961, p. 193) > and finally centrifuged 

in methylene iodide. The acid treatment removes any magnetite and olivine,

while the extraction in NaoC0_ removes any gelatinous silica (Muir and ̂ 3
Tilley, loc. cit.). For the pyroxenes 5Ppx and G0V4px the 100-150 mesh 

fraction of the rock powder was used, and initial separation of the 

heavy fraction was made in a separating funnel with methylene iodide.

This was done in order to remove the groundmass pyroxene, which because 

of its fine grainsize, was floated off in composite felspar-pyroxene 

grains. The subsequent separation procedure followed that already out

lined* For the groundmass pyroxene lOpx, a fine fraction was used for the 

separation (200 to 250 mesh).

Clinopyroxene xenocryst:

The diopside xenocrysts from the analcitite are large (up to 1” long) 

and have extensively developed marginal reaction zones with the analcit

ite magma. There are two varieties of pyroxene xenocrysts ; a titan- 

augite which is dark lustrous black in hand specimen, and diopsidic augite, 

which is somewhat lighter coloured in hand specimen. The titanaugite is
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pale mauve in thin section, whereas the diopside is pale green. Similar 

pyroxene xenocrysts have been observed by Yfalker and Ross (1954) from a 

xenolithic monchiquite dyke. The pyroxene analysed here is from a tit- 

anaugite xenocryst. Both the green diopsidic augite and mauve titanaugite 

have deeper mauve titanaugite reaction rims, and these are more fully des

cribed in the section on analcitite. The dispersion of the titanaugite 

xenocryst is notably very high, (r v) indicating large amounts of 

Tschermak1s component (Ca, Mg) AlAlSiO^, (Deer, Howie, and Zussman, 1963 

vol. 2, p. 165> and Lovering and White 1964, p. 202). The crystals 

commonly do not go to complete extinction in white light.

Olinopyroxenes from olivine basalts to trachytes:

The porphyritic olivine basalts have large mauve phenocrysts of 

titanaugite and smaller euhedral crystals of augite in the groundmass.

The phenocrysts are sometimes zoned, are generally euhedral, and often 

possess twinning parallel to (100). In several of the olivine basalts 

the titanaugite phenocrysts suffer reaction on the margins of the cryst

als where there are myriad small magnetites.

The fine grained trachyandesites contain uniformly small euhedral 

clinopyroxenes showing no alteration. The pyroxene from the trachy- 

andesite 10 is an example of this type. The fine grainsize made it 

difficult to concentrate a pure sample of the pyroxene, and the analysis 

has been recalculated to account for small amounts of plagioclase impurity. 

This has been done by subtracting plagioclase of the composition of that 

in the norm of the rock as a whole (Or^^Ab^An^^) , and recalculating the
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analysis to 100 per cent.

The pyroxene separated from the Killarney Gap trachyte, the most

basic trachyte in the province, is pale green, forms euhedral to subhedral

crystals, and contains many apatite and zircon inclusions. In some

places, the pyroxene has crystallised entirely within felspar phenocrysts,

and is preferentially elongated along cleavage planes of the felspar. The

acid treatment of the pyroxene would have removed most of the apatite, but

the high content of P.G,. in the analysis shows that some apatite remained.2 o
The pyroxenes from trachytes 22 and 151-2 have been studied optically, 

and they resemble the Killarney Gap trachyte pyroxene in many respects, 

although the crystals tend to be more anhedral and occur interstitially 

between the felspar laths. Their optics (corrected) show them to have 

similar compositions to the pyroxene from KG.
The analysed pyroxene from the trachyte G0V4 form phenocrysts 

which are mid-green, euhedral (sometimes elongated parallel to c), and 

often have narrow darker green rims indicating a progressive reaction with 

the magma. There are many anhedral greener pyroxene crystals in the 

groundmass, and these appear to be somewhat richer in acmite than the 

phenocrysts, having lower extinction angles and higher birefringence.

In other trachytes (e.g. 24) the pyroxene forms green interstitial 

crystals with a high birefringence, low extinction angles, and high 2V 

values. The optics of the pyroxene from 24 indicate enrichment in the 

acmite component, the estimated composition being about Ac^He q * 

Unfortunately, it was impossible to separate the pyroxene for analysis 

due to its fine grainsize and intimate association with both cossyrite 

and arfvedsonite.
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SOME OPTICAL PR O PE R TIES OP CLINOPIROXENES PROM ROOMS NOT ANALYSED

Rock
No. a ß r 2V

Y
Remarks

1 p o r p h y r i t i c
b a s a l t

1 .6 9 7 1.706 1 .7 2 3 T i ta n a u g i te  p h en o c ry s ts  
w ith  eu h ed ra l groundmass 
a u g i te s

5 p o r p h y r i t i c  
o l i v in e  b a s a l t

1 .6 9 7 n  t t  t t

32 p o r p h y r i t i c  
o l i v in e  b a s a l t

1 .701 1 .7 0 5 »1 t t  t t

CT6 p o r p h y r i t i c  
o l i v in e  b a s a l t

1 .701 »» t t  t t

7 tr a c h y a n d e s i te 1 .703 t t  11 i t

9 tr a c h y a n d e s i te 1 .706 t t  t t  t t

18 t r a c h y te 1 .7 3 7 G reen a e g e r in e - a u g i te  
p h e n o c ry s ts

22 t r a c h y te 1.716 55° G reen a u g i te  c r y s ta l s

CT1 tr a c h y te 1 .708 1 .730 G reen a e g e r in e - a u g i te  
c r y s t a l s .

Rock numbers 1 ,  5 , 7 , 9> 1 8 , 22 c o l le c t e d  from  K ap u ta r R oad, to  th e  w est 
o f  C oryah Gap.

Rock numbers CT1, GT6 c o l le c te d  from  C a s t le  Top M ou n ta in , from th e  sum m it, 
and h a l f  way down th e  m ountain  r e s p e c t iv e ly .
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SOME OPTICAL PRO PER TIES OP THE CLINOPYRGXENES PROM THE ANALYSED ROCKS

Rock
No. a ß Y 2V

1 Y YAc Remarks

CTS c o n ta c t
te s c h e n i te

1 .6 9 8 E uh ed ra l p u rp le  zoned 
c r y s ta l s

E7 p o r p h y r i t i c  1 .701  
b a s a l t

1 .709 E uh ed ra l groundmass 
a u g i te s  w ith  t i t a n a u g i t e  
p h e n o c ry s ts

“5P p o r p h y r i t i c  1 .7 0 3
o l iv in e
b a s a l t

1 .7 0 7 1 .7 2 7 53° I t  t t  II

GR1 p o r p h y r i t i c
o l i v i n e
b a s a l t

1 .6 9 7 56° I I  I t  I t

"10 tra c h y a n d -
e s i t e

E u h ed ra l a u g i te s  i n  
groundmass

15 tra c h y a n d -
e s i t e

11 i t  i t

E8 p o r p h y r i t i c
b a s a l t

1 .695 T i ta n a u g i te  p h e n o c ry s ts  
w ith  e u h e d ra l groundmass 
a u g i te s

8a tra c h y a n d -
e s i t e

Very f in e  g ra in e d  
eu h ed ra l groundmass 
a u g i te s

118-■2 A lk a l i  1 .6 9 3
s y e n i t e

1 .699 1 .718 T i ta n a u g i te s

“KG tr a c h y te  1 .708 1 .7 1 4 1.731 50° 42° G reen ish  a u g i te s

151-2  t r a c h y te  1 .708 1 .7 1 8 1 .732

0
C

O
m

42° i t  i t  »1

24 tr a c h y te 1 . 7 5 8 88°
( 2 \ )

5° G reen i n t e r s t i t i a l  
a e g e r in e - a u g i tes

“G0V4 t r a c h y te  1 .7 2 2 1 . 7 3 4 1.756 66° 41° G reen fe rro h e d e n b e rg -  
i t e  p h e n o c ry s ts  w ith  
groundmass h ed en b erg - 
i t e s

M A nalysed  pyroxenes



C h em istry :

The form ula o f  pyroxenes i s  u s u a l ly  w r i t t e n  a s  fo llo w s  (Berman, 

1937} H ess, 1949) Kuno, 1955):

w here:

(W)x_p (X’Y)i+ p  z2°6

w = Ca2+, Na+ , K+.

X = fcg2+ , P e 2+, ivin2+

Y = a i 3+, F e ''+ , C r3*

z = S i4* , A l > .

W, X and Y a r e  in  o c ta h e d ra l  p o s i t i o n s  ( c o - o r d in a t io n  number 6 ) ,  

w hereas Z c a t io n s  a r e  i n  t e t r a h e d r a l  p o s i t io n s  ( c o -o rd in a t io n  number 4)* 

The s t r u c t u r a l  fo rm ulae  o f  th e  pyroxenes have been  c a lc u la te d  on 

th e  b a s i s  o f  6 oxygens p e r  u n i t  fo rm u la  c e l l ,  and th e  Z s i t e s  have been  

made equal to  2 by add ing  A1 to  th e  S i  w here n e c e s s a ry .  The method o f  

H ess (1949) o f  b a la n c in g  th e  ch a rg e s  i n  c a lc u la t in g  th e  fo rm u la , has n o t 

been  u se d . Bown (1964) has c r i t i c i s e d  H ess’ s p ro c e d u re  f o r  c a lc u la t in g  

p y roxene  a n a ly s e s .  Bown s t a t e s  t h a t :

1 . The method o f  c a lc u la t in g  i s  u n e c e s s a r i ly  c o m p lic a te d , le a d in g  to  

a r i th m e t ic a l  e r r o r s .

2. O v e ra ll  ch arg e  b a la n c e  w i l l  n a t u r a l l y  be ach iev ed  i f  an  a n a ly s is  

i s  c a s t  a s  o x id e s ,  and lo c a l  ch a rg e  b a la n c e  as  e n v isag e d  by 

H ess, i s  u n l ik e ly  to  be a c h ie v e d  i n  p r a c t i c e ,  e s p e c ia l ly  i n  

q u ic k ly  co o led  ig n eo u s  ro ck  p y ro x en es .

A ll  th e  e r ro r s  i n  r e c a l c u l a t i o n  and a n a ly s i s  a re  c o n c e n tra te d3
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TABLE 11

ANALYSES AND OPTICAL PROPERTIES OF THE PYROXENES

P lp x 5Ppx lO px KGpx G0V4px

S i0 2 •4-9.39 49.46 52.91 52.49 4 9 .1 4

T i 0 o 1 .5 7 3 .5 7 2.66 0 .8 4 0 .5 9
a i 2° 3 7 .7  5 4 .26 1 .26 1 .9 0 0 .9 3
Fe 0 

2 3
3.06 2 .1 7 2.75 2 .2 8 4 .0 4

FeO 4 .2 0 7 .3 7 6 .96 13 .42 24.14

ivinO 0 .1 3 0 .1 5 0 .2 7 0 .6 7 1.06

MgO 1 3 .4 1 13.41 1 4 .1 3 9 .68 0 .9 0

CaO 18.12 19.65 1 7 .3 4 1 7 .7 7 1 8 .2 9
Na20 1 .5 3 0 .66 0 .8 1 0 .7 4 1 .1 7

k 2° 0 .0 2 0 .0 1 0 .91 0 .1 9 0 .1 7

P 2°5
0 .0 8 t r t r 0 .1 2 t r

H 0+

h 2o-

T o ta l: 9 9 .2 6 100.70 1 0 0 .0 0 100.10 100 .43

a 1 .7 0 3 1 .708 1 .722

P 1 .693 1 .7 0 7 1 .7 1 4 1 .7 3 4

T

2V
Y

Y A c

o
OC

O

1 .7 2 7

52°

1 .7 3 1

50°

42°

1.756

66°

41°

D is p , r ^  v  
h ig h

r> v
mod.

C o lo u r p a le
mauve

mauve v e ry
p a le
mauve

p a le
green

m id
green

P lp x l C lin o p y ro xe n e  x e n o c ry s t fro m  a n a lc i t i t e  w i th  u l t r a b a s ic
x e n o l i th s ,  D ingo  C reek.

5Ppx: T ita n a u g ite  p h e n o c ry s ts  fro m  o l i v in e  b a s a lt  5P, K a p u ta r Road.
10px: Groundmass c lin o p y ro x e n e  fro m  t ra c h y a n d e s ite  1 0 , K a p u ta r Road,
KGpx: A u g ite  fro m  t ra c h y te  KG, K i l la r n e y  Gap.
G0V4pxJ H e d en b e rg ite  p h e n o c ry s ts  fro m  t ra c h y te  G0V4, summit o f  th e  

G ove rn o r,
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TABLE 1 2

STRUCTURAL FORMULAE OF THE PYROXENES CALCULATED ON

THE BASIS OF 6 OXYCENS-----X IZ 2°6

P l p x 5 P p x lO p x KGpx G0V4px

S i 1 .8 4 4  ) 1 .8 2 9  ) 1 . 9 5 7  ) 2 .0 0 0 1 . 9 8 2 )
) 2 .0 0 0 ) 2 .0 0 0  )2 .0 0 0 ) 2 .0 0 0

A1IV 0 .1 5 6  ) 0 .1 7 1  ) 0 .0 4 3  ) 0 .0 1 8 )

A !"1 0 .1 8 5  ) 0 .0 1 4  ) 0 .0 1 2  ) 0 .0 8 5 ) 0 .0 2 6 )

) ) ) ) )
T i 0 .0 4 4  ) 0 . 0 9 9  ) 0 .0 7 4  ) 0 .0 2 4 ) 1 0 .0 1 8 )

) ) ) )> )
F e ^ + 0 .0 8 6  ) 0 .0 6 0  ) 0 .0 7 7  ) 0 .0 6 5 ) 1 0 .1 2 6 )

) )' ) )1 )
Mg 0 .7 4 6  ) 0 . 7 3 7  )1 0 .7 7 9  ) 0 . 5 9 -9 )1 0 .0 5 4 )

) 2 .0 3 3 )1 1 .9 6 9  ) 1 .9 5 3 )11 .9 4 0  ) 1 .9 6 4
T-iF e 0 .1 3 1  ) 0 . 2 2 8  ;1 0 . 2 1 5  ) 0 .4 2 7 ) 1 0 .8 1 4 )

)
\
1 ) I1 )

Mn 0 .0 0 4  ) 
\

0 . 0 0 5  ; 
>
> 0 .0 0 8  ) 
1 ^

0 .0 0 2 )  0 .0 3 6 )
\  )

Ca 0 .7 2 5  ) 0 .7 7 8  ;) 0 .6 8 7  ) 0 .7 2 4 )  0 .7 9 0 )

) ) ) 1
Na 0 . 1 1 1  ) 0 .0 4 7  ) 0 .0 5 8  ) O.O5 5 ;) 0 .0 9 1 )

) ) ) ) )
K 0 .0 0 1  ) 0 .0 0 1  ) 0 .0 4 3  ) 0 .0 0 9 ]) 0 .0 0 9 )

p e r  c e n t 7 .8 8 .6 2 .2 0 0 . 9
A l i n  Z

Mg 4 4 .1 4 0 .8 4 4 .1 3 1 . 1 3 .0

E F e 1 3 .1 1 6 .2 1 7 .0 2 8 .0 5 3 . 6

Ca 4 2 .8 4 3 .0 3 8 . 9 4 0 .9 4 3 .4

k g 7 7 .5 7 2 .5 7 2 .2 5 2 .7 5 .6
2+F e 1 3 .7 2 2 .5 2 0 .0 4 1 .0 8 4 .0

N aFe3+ 8 .8 5 .0 7 .8 6 . 3 1 0 .4

Ac 8

J d  3

T s  17

Hd 1 4

D i 58
2+  3+

Z Fe = F e  + F e^  + Lin
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in the last stage of Hess’s procedure, whereas if Z is made 

equal to 2, or if Z is made equal to Y, the errors are evenly 

distributed.

4. The Hess recalculation often gives a substantially different

distribution of A1 between Y and Z sites, when compared to the 

two other methods outlined in 3«

It has not been found necessary to place any Ti in tetrahedral 

sites (Wilkinson, 195,fe} Carmichael, I960), because of the relative 

abundance of Al, amply sufficient to satisfy requirements in each case.

The analyses of the series of pyroxenes shows that silica rises in 

the middle of the differentiation sequence (the groundmass pyroxene from 

trachyandesite 1C, and the pyroxene from the Killarney G-ap trachyte KG- 

both have silica in the range 52-33 Per cent as opposed to 49 per cent 

for the other pyroxenes). This higher value of silica is related to 

slightly lower CaO in each case.

The titanium is high, as expected in the Mg-rich titanaugites, but 

decreases as the pyroxenes differentiate towards hedenbergite. The TiO^ 

of the xenocryst diopside from the analcitite is lower than that in the 

titanaugite phenocryst from the olivine basalt 5P> even though the 

latter is poorer in MgO. The diopside phenocryst is pale mauve, but has 

deeper mauve reaction rims, and it appears that the Ti increases in 

these rims.

!The Alo0 is high in the diopside xenocryst from the analcitite 
3

(7 per cent), and falls rapidly in more differentiated pyroxenes in the

series , and the proportion of Al in Z sites also decreases rapidly
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(Le B a s , 1962).

IvigO and FoO a r e  a n t i p a t h e t i c a l l y  r e l a t e d ,  w h ile  th e  Ca co n ten t 

rem a in s  c o n s ta n t ,  and h ig h , th ro u g h o u t. M ost o f  th e  t o t a l  i r o n  o ccu rs  

a s  FeO, and th e r e  i s  b u t m inor enrichm ent i n  th e  a c m ite  m o lecu le  i n  th e  

a n a ly se d  pyroxenes*

The sodium  i s  h ig h  i n  th e  d io p s id e  x e n o c ry s t ,  and c a l c u la te s  ou t

a s  a cm ite  + j a d e i t e .  The sodium  c o n te n t o f  th e  t i t a n a u g i t e  p h e n o c ry s t,

from  i s  much lo w e r, b u t sodium  r i s e s ,  re a c h in g  a maximum o f  1 .1 7  p e r

c e n t i n  th e  py roxene from  th e  t r a c h y te  GOV4. I n  each  c a s e , ex cep t

pyroxene  P I ,  and th e  groundmass pyroxene from  th e  t r a c h y a n d e s i te  1 0 ,

6+Na + K i s  s l i g h t l y  sm a lle r  i n  th e  form ula th a n  F e ' . I n  th e  two c a se s  

w here i t  i s  n o t ,  A l^+ combines w ith  Na + K, and form s j a d e i t e .

O p tic s !

W ilk in son  (I9 5 ^ a )  > &nd b e  M a itre  (1962) have shown t h a t ,  excep t 

i n  a g e n e ra l way, o p t i c a l  p r o p e r t i e s  o f  th e  c lin o p y ro x e n e s  cannot be 

c o r r e l a t e d  w ith  th e  ch e m is try  u s in g  th e  g rap h s o f  Hess (194-9) , and k u i r  

( l9 5 i ) »  H ori (1954) has su g g es ted  t h a t  A l ,  T i ,  and Fe^+ i n  t e t r a h e d r a l  

c o -o rd in a t io n  in c r e a s e  th e  o p t ic  a x i a l  a n g le  and low er th e  ß r e f r a c t i v e  

in d e x ,  w hereas i n  o c ta h e d ra l  s i t e s  th e s e  io n s  have th e  o p p o s ite  e f f e c t .

The m easured  2V v a lu e s  and ß r e f r a c t i v e  in d ic e s  o f  th e  a n a ly se d  

pyroxenes a r e  compared w ith  v a lu e s  re a d  o f  th e  g raph  o f  H ess (194-9) , 

m o d ifie d  by M uir (1951) > i n  D e e r, H ovie and Zussman ( 1 963 , v o l .  3> P* 1 3 2 ) , 

i n  T ab le  1 3  • C a rm ic h a e l 's  ( i9 6 0 ) amended v a lu e s  f o r  h e d e n b e rg ite  r i c h

com positions a r e  a ls o  shown f o r  th e  pyroxene p h e n o c ry s ts  from  t r a c h y te
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TABLE 1 ?

COMPARISON OF OPTICAL PROPERTIES MEASURED ON THE ANALYSED 

PYROXENES AND VALUES PREDICTED FROM THE GRAPH OF HESS (1949) 

MODIFIED BY MUIR (1951) , AND FIGURED BY DEER, HOWIE, AND 

ZUSSMAN (1963» v o l .  3» p . 1 3 2 ) ,  AND ALSO FROM CARMICHAEL, 

( I9 6 0 ,  p . 3 22 ).

P y ro x en e M easured v a lu e s P r e d ic te d v a lu e s

2V ß 2V ß

P I

00co

*

1 .6 9 3 5 2 ° 1 .6 8 7

5P 53° 1 .7 0 7 53° 1 ,690

K.G. 50° 1 .7 1 4

OOLfN 1 .703

G0V4

0COCO 1.734. 38° 1 .735
(from  C arm ich ae l, I9 6 0 )

56° 1 .7 4 3
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G0V4.

The composition - optics curves of Hess (1949) were drawn up on

the assumption of 3 per cent A1_C_ *, Feo0_ 1,3 per cent *, Nao0 0.42 3 2 5  2
per cent *, TiQ^ 0.4 per cent *, IvmO 0.3 per cent and negligible 

Cr^O^ for the range of clinopyroxene compositions in the present analyses. 

For the diopside xenocryst PI from the analcitite, the 2V is smaller
Qby 8 and the ß refractive index larger by 0.006 than indicated by the 

graph in Deer, Howie, and Zussman (loc. cit.). According to Hori (1954) 

this can be explained by the effect of Fe"+ , Ti and A1 (in octahedral 

co-ordination) on the optics, especially on the 2V. For the titanaugite 

phenocrysts from the olivine basalt 5? the measured 2V is the same as 

that predicted by the graph, while the measured ß refractive index is 

0.017 larger. Presumably the effect of Fe^+ , Ti and A1 in octahedral 

co-ordination is partly counterbalanced by the rather high amount of A1 

in the Z group. This gives a similar 2V, with a slightly higher ß index. 

The augite phenocrysts from the trachyte K.G-. have the same 2V as predicted 

from the graph, but a slightly higher ß index, which can be ascribed to 

both the Fey , Ti and A1 in octahedral co-ordination as well as to the 

effect on the optics of the acmite component. With the hedenbergite 

phenocrysts from the trachyte G-OV4, the measured 2V is much higher than 

that on the graphs of both Deer, Howie, and Zussman (loc. cit.) and 

Carmichael (i960, p. 322) due to the effect of the acmite component.

Applying a similar correction to the 2V values and ß refractive 

indices of the pyroxene phenocrysts from the trachytes 151-2 and 22 as



to that of the trachyte pyroxene phenocrysts from K.C. (i.e. lowering the 
ß refractive index by about 0.009) shows that they have quite a similar 

composition to the pyroxene of trachyte K..G-,

The caution expressed by many workers in determining compositions 

of Ca rich clinopyroxenes (Brown, 1357% Carmichael, I960*, Wilkinson, 
1957a*, Murray, 1954) from optical properties alone is well justified 
unless one draws up a different graph for each type or series of speci- 

ments - a graph for Skaergaard type pyroxenes (Muir, 1951 > Brown, 1957), 

a graph for pitchstone type pyroxenes (Carmichael, I960), one for pyroxenes 

from undersaturated alkaline trends (Murray, 1954} Wilkinson, 1957a) and 
another for saturated - oversaturated alkaline trends, as exemplified by 

this study, and so on.
Crystallisation trends;

The analysed pyroxenes have been recalculated as atomic percentages
2« Zj.of Ca, Fe, and Mg (where Pe = Pe + Fe^ + Mn) % and also as atomic 

percentages of Pe2+, Mg, and NaPe'^+ (any excess of Fe^+ over Na + K is
O  .usually placed with the Pe , Carmichael, 1962). These recalculated com

positions have been plotted on the Di-He-Fs-En quadrilateral (Pig,  ̂ ),

and on the Na + K, Pe2+, Mg triangle (Fig, 2 ). This latter triangle
represents a plane in the En-Fs-Wo-Ac tetrahedron as shown in the inset 

(of Carmichael, 1962, p. 94, Pig. 2), and is one which slopes from the 

40 per cent Wo line in the Wo-En-Fs triangle to the Ac apex of the

tetrahedron.



He

5P Gr1 + Mn
Atomic

Figure 1
Plot of analysed clinopyroxenes (small circles), also optically determined climopyroxenes 
(triangles) with tie-lines to co-existing olivines (large circles)#



Plot of analysed clinopyroxenes in the system Di-He-Ac, together with optically determined 
clinopyroxene from trachyte 24®
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C lin o p y ro x en e  xeno c r y s t ;

The pyroxene x e n o c ry s t P I from  th e  a n a l c i t i t e  c o n ta in s  c o n s id e ra b le  

am ounts o f  a lum ina and sodium -which ta k e  i t s  co m p o sitio n  o u ts id e  th e  p lam e  

D i-H e-P s-S n . W hite (1964) has d is c u s s e d  th e  pyroxenes from  b a s ic  g ra n -  

u l i t e s  and e c l o g i t e s ,  and has d i s t in g u is h e d  them on th e  b a s is  o f  th e  p a r t 

i t i o n  o f  A1 between t e t r a h e d r a l  and o c ta h e d ra l  s i t e s  i n  th e  l a t t i c e .

The py roxene a n a ly s i s  P I ,  a f t e r  c a l c u la t in g  th e  s t r u c t u r a l  fo rm ula 

on th e  b a s i s  o f  6 oxygens (XYZ^Og), i s  r e c a s t  in to  h y p o th e t ic a l  and 

member m o le c u le s  A c, J d ,  T s , Hd and Di a c c o rd in g  to  th e  p ro c e d u re  o f  Yodem 

and T i l l e y  (1962) , excep t t h a t  a l l  Fe^ i n  th e  Y s i t e s  i s  combined w ith  

Na + K to  fo rm  a c m ite , and th e  rem ain ing  Na + K ( i f  any) i s  combined w ith  

an  eq u a l amount o f  A1 i n  th e  Y s i t e s  to  form  j a d e i t e  (W h ite , 1964, p . 884) ?  

where!

Ac = a c m ite , NaPe^ Si~Ck.
2 o

J d  = j a d e i t e ,  NaAlSi^Og.

. v VI IV .Ts = Tscherm ak’ s com ponent, (Ca,Ivig)Al Al SiOg.

Hd = h e d e n b e rg ite ,  CaFe2+S i20g .

Di = d io p s id e ,  CaMgSi^Og.

I t  has been  found n e c e s s a ry  f o r  th e  pyroxene P i  to  p la c e  th e  T i i n  

w ith  th e  Ts , even th o u g h  t h i s  p ro c e d u re  le a d s  to  ch a rg e  im balance.

K ush iro  and Kuno (1963) have p o s tu la te d  a  C a-T i "p y ro x en e" , CaTiA l?Og,
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COMPARISON OP Cl INOPYRQXENE XENOCRYSTS ANALYSED PROM THE

Y 

P l p x

3. P l p x S t r u c t u r a l  f o r m u la e  o n t h e  b a s i s o f  6

sxo2 47 .9 1 4 9 .3 9 o x y g e n s H Z 2° 6

T i0 2

a i 2o3

1 .3 9 1 .5 7 3 P lp x

5 .45 7 .7 5 S i i . 8 4 i  ;
*

1 .8 4 4  )
T V 2.000 ) 2 .000

p e 2°3
PeO

3.91
6 .6 4

3.06

4 .2 0

A1IV

aR 1

0 .1 5 9  ' 
0 .0 8 8

0 .156  ; 

0 .1 8 5  '

MnQ 0 .2 1 0 .1 3 T i 0.040 0 .0 4 4

MgO 11 .23 13.41 Pe^+ 0 .1 1 3 0.086

CaO 19 .95 1 8 .12 2+Pe 0 .2 1 3 0 .131

N aO 1 .7 0 1 .5 3 Mg 0 .6 4 3 >2.003 0.716 > 2 .0 3 3

k20 0 .0 4 0 .0 2 Ivin 0 .0 0 7 0 .0 0 4

H 0+ 0 .4 5 Na 0 .1 2 7 0 .111

h2o- 0 .2 0 K 0 .0 0 2 0 .0 0 1

4 0 .9 7 Ca 0 .7 7 0 ^ 0 .725

p  o r 0 .0 8
2 5 

C r2°3
t r Ca 4 5 .5 4 2 .8

NiO t r Mg 36.8 4 4 .1

T o ta l 100.05 99.26 Pe 1 7 .7 13 .1

a 1.706 Ac 11 8

ß 1 .7 1 2 1 .693 J d 2 3

Y 1 .733 Ts 13 17

He 21 14

2V 60° D i 53 58

C lin o p y r o x e n e  x e n o c r y s t  f ro m  D ingo  C re e k  a n a l c i t i t e ,  a n a l y s t  
M .J .  A b b o tt
C lin o p y ro x en e  x e n o c ry s t from  Dingo C reek a n a l c i t i t e ,  from  
W ils h ire  and B inns (1961 , T ab le s  4a and 4 b , No, 3)*

3
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i n  th e  c a l c u la t io n  o f  t h e i r  "m antle  norm” , and t h i s  c o u ld  be re g a rd e d  a s  

T i Tscherm ak ' s  component.

When th e  above c a lc u la t io n s  a re  made, i t  i s  found th a t  e c lo g i te  

f a c i e s  c lin o p y ro x e n e s  have J d /T s  > 4 /5 j w hereas g r a n u l i t e  f a c i e s  c l in o -  

pyroxenes have J d /T s  <C l / 2 .  (W h ite , 1964). When th e  v a lu e s  f o r  th e  

py roxene x e n o c ry s t P I  (Jd  3 p e r  c e n t ,  T sch  17 p e r  ce n t)  a r e  p l o t t e d  on 

W h ite ’ s d iagram  (o p . c i t . , p , 886) ,  t h i s  t h e s i s ,  P ig .  3 *, i t  i s  found

t h a t  i t  p lo t s  w e ll w ith in  th e  g r a n u l i t e  f i e l d .

W ils h ire  and  B inns (1961) have a ls o  a n a ly se d  a c lin o p y ro x en e  xeno

c r y s t  from  th e  a n a l c i t i t e  s i l l ,  and  t h e i r  a n a ly s is  (o p . c i t . ,  p . 198-199> 

T a b le s  4 a ,  and 4 b . ,  No. 3) i s  s e t  o u t b e s id e  th e  p r e s e n t  a u th o r ’ s  (T a b le  

14- ) •  W ils h ire  and B in n ’s a n a ly s i s  has low er A1 and h ig h e r  F e , and th e

r e c a lc u la te d  a n a ly s i s  r e v e a ls  low er T s , b u t a ls o  low er J d ,  so t h a t  i t  

s t i l l  p lo t s  w ith in  W h ite ’ s g r a n u l i t e  f i e l d  (F ig . 3 ) .

From th e s e  a n a ly se s  i t  can  b e  deduced t h a t  th e  re g io n  o f  e i t h e r  th e  

low er c r u s t  o r  u p p er m an tle  from  w hich th e s e  x e n o c ry s ts  w ere d e r iv e d  has 

n o t a t t a in e d  th e  e c lo g i te  f a c i e s .

T h is  pyroxene P I  has a lso  been  p l o t t e d  on th e  D i-H e-Fs-E n d iag ram  

(F ig .1  ) to g e th e r  w ith  th e  o th e r  Nandewar a n a ly se d  p y ro x en es . I t  f a l l s  

on th e  Mg r i c h  end o f  th e  tr e n d .

O liv in e  b a s a l t  -  t r a c h y te  c lin o p y ro x en e  t r e n d ;

The m ain t r e n d  re v e a le d  by th e  a n a ly se d  c l in o  pyroxenes i n  th e  Nandew-

2+a r s  i s  re p la c e m e n t o f  Mg by Fe , w h ile  th e  Ca c o n te n t rem ains a lm o st

24 -c o n s ta n t ,  f a l l i n g  s l i g h t l y  w here Fe a p p ro x im a te ly  eq u a ls  Mg (KGpx) ,



Eclogite field

Granulite field

Figure 3

Plot of clinopyroxenes from analcitite on diagram after White (1964)»
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s e e  P ig  1 . Only in  th e  l a t e s t  i n t e r s t i t i a l  py roxenes does th e  Ca f a l l ,  

and  th e  acm ite  m olecu le  in c re a s e  r a p id l y  i n  amount (c lin o p y ro x e n e  from  24, 

He^ACp.Q from  o p t i c a l  p r o p e r t i e s ) ^  t h i s  o c c u rs  a f t e r  th e  c lin o p y ro x en es  

have reac h ed  s o d ic  f e r r o hedenbe r g i t e  co m p o sitio n  (GOV4px) , -whereupon th e  

t r e n d  tu rn s  s h a rp ly  tow ards a c m ite ,  p ro c e e d in g  away from  He a lo n g  th e  

He-Ac j o i n .

The c lin o p y ro x en e  d i f f e r e n t i a t i o n  t r e n d s  from  o th e r  ro c k  s e r i e s  

have been  p l o t t e d  fo r  com parison  w ith  t h i s  s tu d y  (F ig . 4- ) .  Sources o f  

th e  d a ta  a r e :  B lack  J a c k  t e s c h e n i te  p y ro x e n e s , W ilk in son  (1957a)*, G-arbh

B ile a n  p y ro x e n e s , M urray (1954)*, G-ough I s l a n d  p y ro x en es , L e M a itre  (1 9 6 2 )  ̂

J a p a n e se  a l k a l i  rock  p y ro x e n e s , Aoki (1964)*, Red H i l l  d o l e r i t e  p y ro x en es , 

McDougall (1961) *, T e r t i a r y  B r i t i s h  and I c e l a n d ic  p o r p h y r i t ic  a c id  g la s s  

p y ro x e n e s , C arm ichael ( i9 6 0 )*  and th e  S k ae rg aa rd  p y ro x en es , M uir (1951 ) » 

Brown (1 9 5 7 ) , and Brown and V in cen t (1 9 6 3 ). For s o d a - r ic h  pyroxenes th e  

t r e n d s  have a ls o  been  drawn i n  th e  Ac-He~Di f i e l d  (Fig# 5 ) > and 'the 

fo llo w in g  have been  in s e r t e d  f o r  com parison : M orotu d o l e r i t e  -  m onzon ite-

s y e n i t e  p y ro x e n e s , Y agi (1953) j s o d ic  f e r r o hedenbe rg i t e  p a n t e l l e r i t e  

p h e n o c ry s ts ,  C arm ichael (1962)*, and th e  B lack  J a c k ,  G-arbh E i le a n  and 

p o r p h y r i t i c  a c id  p i tc h s to n e  p y ro x e n e s , ta k en  from  C arm ichael (1 9 6 2 , p*94 ). 

On t h i s  d iag ram  (F ig* 5 ) th e  f i e l d s  o f  N a - r ic h  c lin o p y ro x e n e s  and C a - r ic h

c lin o p y ro x e n e s  have been  drawn a f t e r  Aoki (1 964 , p .1 2 1 0 , Fig* 3) •

A ccord ing  to  Aoki th e r e  i s  l i t t l e  su b so lv u s  s o l id  s o lu t io n  betw een th e s e  

two f i e l d s  o f  composi-cion*

I n  th e  D i-H e-Fs-E n q u a d r i l a t e r a l ,  th e  Nandewar c lin o p y ro x e n e  t r e n d
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Plot of various clinopyroxene trends* See text for sources of data. W-W Black Jack} M-M Garbh 
Eilean; L-L Gough Is.} A-A Nandewars; J-J Japanese alkaline trerd } C-C British and Icelandic 
acid pitchstimes; Sk-Sk Skaergaard; RH-RH Red Hill dolerite trend.
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Figure 5

Plot of various clinopyroxene trends. See text for sources of data. Y-Y Morotu; 
P-P British and Icelandic pitchstones; Pt-Pt pantelleric sodic ferrohedenbergites; 
W-W Black Jack; M-M Garbh Bilean; A-A Nandewars. Aokifs suggested limits of solid 
solution in red.
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is quite different from either the Black Jack or Garbh Eilean alkaline

clinopyroxene trends; it is lower in calcium, and is also somewhat lower

in calcium than the Gough Island clinopyroxenes (Fig. ^ ). The Black

Jack and Garbh Eilean teschenites are both strongly undersaturated with

respect to silica, while the Gough Island series is mildly undersaturated.

The tholeiitic Skaergaard and Red Hill pyroxenes are poorer in Ca through^-
24-out than the Nandewar pyroxenes, but undergo a similar degree of Fe

enrichment. The tholeiite clinopyroxenes, however, usually show a rather
2+pronounced fall in Ca towards the middle of the sequence when Fe i3

approximately equal to Mg. The clinopyroxenes of the porphyritic acid

pitchstones show similar differentiation trends to the Nandewar clino-
3+pyroxenes, but they are poorer an NaFe •

Wilkinson (1956) has suggested that in the tholeiites reaction of 
olivine with the oversaturated magma (with respect to silica) will produce 

potential "hypersthene molecules1'. Apart from the amount of these mole
cules Y>hich goes to form orthopyroxene and pigeonite, a certain percentage 

will combine with the diopside to give an augite of lower Ca content#
In undersaturated alkaline rocks, including those in which an undersatur
ated felspathoidal interstitial residuum prohibits a reaction of silica 

with olivine, the olivine, which is strongly zoned, will withdraw Mg and 
Mg and Fe2+ from the magma (and hence potential "hypersthene molecules") 

and the clinopyroxene crystallising will be rich in Ca. For the saturated, 

near saturated and oversaturated alkaline rocks, the pyroxene trend would
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be expected to be intermediate between the tholeiite clinopyroxenes and 

the undersaturated alkaline clinopyroxenes. This study confirms that

hypothesis, since all the NandeVv&r volcanics are saturated.
2+The extent of compositional changes (i.e. Fe for Mg replacement,

3+ / 2+and NaFeJ for (kg, Fe ) Ca replacement) in the clinopyroxenes has also 

been studied. Wilkinson (1957a) finds a very limited variation in the 

Fe /Mg ratio in the clinopyroxenes despite large changes in the total 

rock and olivine Fe /Mg ratios, murray (195̂ -) also finds that clino- 

pyroxene variations in the teschenite at Garbh Eilean are quite restrict

ed. However, as Le iviaitre (1962) notes, differentiation in both the 

Elack Jack and G-arbh Eilean teschenites is not extreme. In the korotu 

teschenite - monzonite - syenite series (Yagi, 1953) and on Gough Island 

(Le Iviaitre, op. cit.) differentiation is more complete, and the range of 

composition exhibited by the clinopyroxenes is greater.

The trend of clinopyroxene differentiation in the late stages 

depends on the oxidation state of the iron (Fe^+/Fe^+ + Fe^+) , and also 

the Ga and Na contents of the magma. Aoki (1964) has discussed this 

question and has come to the conclusion that a diopside - hedenbergite 

clinopyroxene trend is due to relatively high temperatures and low partial 

pressures of oxygen (Pq ^)» anci this series coexists with olivine

until even the later stages of differentiation; while a diopside-aegerine 

trend is found at lower temperatures and higher P O^) and is associated 

with calciferous amphiboles in the earlier stages (hornblende, kaersutite, 

and hastingsite) and alkali amphiboles at later stages (riebeckite and
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arfvedsonite) .

The iviorotu dolerite - mcnzonite - syenite series (Yagi, 1953) con
tains clinopyroxenes which grade from titanaugite, through soda-augite, 

aegerine-augite, to aegerine, and is an example of the clinopyroxene trend 

to be expected under conditions of high P 0 , which is brought about by 

the hydrous nature of the magma. Wilkinson (1956) has indicated that, 
despite the limited range of composition in the analysed clinopyroxenes 

from the Black Jack and G-arbh Eilean teschenites, further differentiation 
would give a clinopyroxene richer in a emit e, shown by the development of 

greenish rims on titanaugite crystals adjoining analcitic soda-rich 

mesostasis in the teschenite (Wilkinson, op. cit., p.734).
Aoki (1964) doubts whether the trend exhibited by the Morotu clino- 

pyrexenes is an equilibrium trend, and postulates that the diopside-heden- 

bergite Ga-rich clinopyroxene field is separated from the acmite rich 
field by a wide region of immiscibility. Aoki states (op. cit., p. 1214) 

that the Morotu aegerine-augite (Yagi, 1953> analysis of aegerine-augite 

8203, p. 782) is a mixture of soda augite cores with discrete rims of 
aegerine. However " .... the average clinopyroxene comppsition of the 
Morotu liquid changes continuously from augite to aegerine, but the clino- 

pyroxenes crystallized from the magma are either Ca-rich or Na-rich and 

Ca-Na clinopyroxenes are not crystallized". (Aoki, 1964, p. 1214). 

Experimental evidence (Yagi, 1962, p. 98) indicates complete subsolidus 

solid solution between diepside and acmite, even though acmite melts 
incongruently to hematite + liquid. Yagi (op. cit. , p. 98) is also of
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the opinion that there is extensive solid solution between acmite and 

hedenbergite, This is supported by this study, where optical properties 

indicate the presence of groundmass pyroxene of the approximate compos- 

ition

Where the p of the crystallising magma is lower, the predominant 
2

trend of crystallisation of the clinopyroxene is from diopside to
2+hedenbergite, a simple substitution of Fe for lug, while Ga remains

constant. The G-ough Island clinopyroxenes show this trend (Le Iviaitre,

1962), and Japanese alkaline rock clino pyroxenes, together with two sodic

ferrohedenbergites from Pantelleria (Carmichael, 1962), plotted in Aoki

(1964, p. 1208, Fig. l) reveal simple diopside - hedenbergite variation.

The pyroxenes from mugearites (Muir and Tilley, 1961) are also similar.

In the Gough Island rocks, the pyroxene is accompanied throughout

by olivine which shows extreme enrichment in Fe , reaching the

trachytes (Le Maitre, 1962, Table 2). The co-existing clinopyroxenes

and olivines in the mugearites (Muir and Tilley, 1961) show relations in
2+the middle stages of differentiation ! a more rapid increase of Fe in

the olivines than in the clinopyroxenes. The pantellerites of Pantelleria

(Carmichael, 1962) and the Japanese alkaline rocks (Aoki, 1964) also have

co—existing clinopyroxene and olivine throughout, and the olivines are en— 
2+riched in Fe relative to the clinopyroxenes.

In the early to middle stages of differentiation in the Nandewars 

in the olivine basalts and in the trachyte from Killarney Gap (KG) the 

clinopyroxenes are accompanied by olivine* and tie lines have been drawn
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between co-existing olivines and pyroxenes (Fig* 1 )♦

The greatest enrichment in the acmite molecule in these other 

series of clino pyroxenes is at Pant ell eria, where one of the pantellerite 

clinopyroxenes has 20 per cent of the acmite component. The Nandewar 

analysed clinopyroxenes do not rise above 10 per cent of the acmite com

ponent (G0V4px, Fig. 2 ) but this analysed clinopyroxene is a phenocryst.

At a later stage of differentiation, groundmass clinopyroxenes (that from

trachyte 24) reveal enrichment in acmite due to greater P caused by
U2

the concentration of H^Q at this stage of crystallisation. The aegerine-

augite from 24 is joined by arfvedsonite and cossyrite.

The Nandewar clinopyroxenes show a crystallisation trend caused by

low Pq until quite a late stage, the clinopyroxene passing straight

across the Di-He range of compositions, with little enrichment in Ac.

Finally, with rising P (higher P ), crystallisation proceeds along
U2 2

the He-Ac join.



AlvPKEBOLES

Amphiboles a r e  common as  l a t e  s ta g e  c o n s t i tu e n t s  i n  th e  t r a c h y e s ,  

and alw ays o ccu r a s  i n t e r s t i t i a l  c r y s t a l s .  No p h e n o c ry s ts  have been  

fo u n d .

Rie b e c k i t e  -  a r f v e d s o n i te

O p tic s :

Most o f  th e  am phiboles a r e  a l k a l i  am phibo les o f  th e  r i e b e c k i t e  -  

a r f v e d s o n i te  s e r i e s .  The d e te rm in a b le  o p t i c s  o f  t h i s  ty p e  o f  am phibole 

a r e !

P leo c h ro ism  and abso rp tion .- 

X = d a rk  b lu e -g re e n

Y = p a le  v io le t-b ro w n  X <T Y < Z

Z = d a rk  g reen

2V = 7 1 ° , d is p e r s io n  h ig h , e x t in c t io n  a n g le  sm a ll.

M iy ash iro  ( 1957) f in d s  l i t t l e  d i f f e r e n c e  i n  o p t i c a l  p r o p e r t i e s

betw een r i e b e c k i t e  and a r ^ e d s o n i te ,  b u t f o r  th e  s y n th e t ic  am phiboles

( E r n s t ,  1962) w hich a r e  Ca and A1 f r e e ,  r i e b e c k i t e  form ed a t  h ig h  p a r t i a l

p re s s u re s  o f  oxygen (P„ ) i s  b r ig h t  b lu e , and becomes g re e n e r  a s  th e  s o l id
2

s o lu t io n  becomes r i c h e r  i n  th e  a r fv e d s o n i te  component (fo rm ed  a t  low P ) .
U2

The Nandewar am phibo les a r e  q u i t e  b lu e .

M iy ash iro  (1 957 , p . 68) s t a t e s  MAt l e a s t  some a r fv e d s o n ite s  do no t 

show com plete e x t in c t io n  betw een c ro s s e d  n ic o ls  even i n  m onochrom atic 

l i g h t H. The Nandewar a l k a l i  am phibo les t y p i c a l l y  p o sse ss  extrem e d is p e r s 

io n ,  and com plete e x t in c t io n  i s  n o t a t t a in e d  i n  w h ite  l i g h t ,  making any
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precise determination of the extinction angle difficult.

X-ray data:

Ernst (1962) in a study of riebeckite and riebeckite-arfvedsonite
solid solutions formed under experimental conditions, has drawn up a

table (op. cit., Tables 10-11) of indexed X-ray patterns for the solid
solution series. Although the present author v/as unable to separate
pure riebeckite - arfvedsonite, a concentrate about 70 per cent pure

was obtained (from analysed trachyte 24), and this was used to produce
o

X-ray patterns with Fe radiation (\ = 1.9359? A). The data is
compared with that of Ernst (1962) in Table 1 r' .

The synthetic compositions studied by Ernst (1962) range from

riebeckite oNa_Fe_++Fe0+++SiQ000(OH) to riebeckite - arfvedsonite solid 2 j  2 o 22 2
solutions of the approximate composition (Na0 ,Fe*+_) FeT+_ Fe*+~ Si~ ~

*4 - • y 0  • ( (• (

Fe*++ 0 (OH) . In Table 15 > "the riebeckite composition is numbered
W  • y  C.4L 4L

3, and the riebeckite - arfvedsonite solid solution of the above composit

ion is numbered 37.

From an inspection of the X-ray data in Table 1 ̂ , it can be seen 
that the Nandewar riebeckite - arfvedsonite is closest to that of sample 
37 of Ernst, a riebeckite - arfvedsonite solid solution crystallised 

under a partial pressure of oxygen defined by the magnetite - iron buffer. 
This accords well with the deduced stability relations of cossyrite (cf. 

section on cossyrite) where the oxidation conditions are assumed to be
it itthose defined by the magnetite - wustite and wustite - iron buffers.

The oxidation conditions under these latter buffers are almost identical 

to those under the magnetite - iron buffer (Ernst, 1962, Fig. l).
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The fo rm u lae  o f  n a tu r a l  a l k a l i  am phibo les (M iy ash iro , 1957) a re :  

R ie b e c k ite  N a ^ F e ^ F e ^ S ig Q ^ O H ) ^

A rfv e d so n ite  N a ^ a ^ F e ^ F e ^ S i ^ ^ O ^ O H )  2

The main s u b s t i t u t i o n  in v o lv e d  i n  th e  c o n v e rs io n  o f  r i e b e c k i t e  to  

a r f v e d s o n i te  i s  a d d i t io n  o f  Ga and A l, and c o n v e rs io n  o f  some o f  th e  

F e 3+ to  F e2+.

M a to p h o r i t ic  A m phibole:

I n  two o f  th e  a e g e r in e - a u g i te  — c o s s y r i te  — a l k a l i  am phibole 

t r a c h y te s  from  C a s t le  Top M ountain (CT1 and CT2) th e  am phibole i s  o f  q u i te  

a d i s t i n c t  ty p e ,  n o t h av ing  th e  t y p i c a l  b lu e  co lo u r o f  th e  r i e b e c k i t e  -  

a r f v e d s o n i te  s o l id  s o lu t io n s  d e s c r ib e d  above , b u t has th e  fo llo w in g  o p t i c a l  

p r o p e r t i e s !

F le o c h ro ism  and a b s o rp t io n :

X = l i g h t  b row n-green  

Y = d a rk  brownr-green X < Y < Z

Z = d a rk  y e llo w -g re e n

Max. e x t in c t io n  a n g le  2 5 ° , b i r e f r in g e n c e  m o d e ra te .

E rn s t (1962) has shown t h a t  i n  s y n th e t ic  r i e b e c k i t e  -  a r f v e d s o n i te  

s o l id  s o lu t i o n s ,  th e  co lo u r becomes g re e n e r  w ith  enrichm ent i n  a r f v e d s o n i te .  

N a tu ra l  a r f v e d s o n i te  p o s se s se s  a b lu e -g re e n  c o lo u r  i n  th e  X d i r e c t i o n  

(D eer, Howie, and Zussman, 1963? v o l .  2 , p . 365)»

The o p t i c s  o f  th e  C a s tle  Top t r a c h y te  a l k a l i  am phibole (p le o c h ro ism  

and e x t in c t io n  an g le ) app ea r to  i n d i c a t e  a co m p o sitio n  ap p ro ach in g
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k a to p h o r i te  -  Na C aFej^Fe^S iyA lO ^^O H ) (D e e r , Howie, and Zussm an, 

op . c i t . , p . 359).

M iyash iro  (1957) in d ic a te s  t h a t  th e  s e r i e s  o f  m in e ra ls  r i e b e c k i t e

— a r f v e d s o n i te  — k a to p h o r i te  i s  dom inated  by th e  s u b s t i t u t i o n  o f

2+CaFe A1 f o r  Fe" S i f o r  Fe r i c h  members, and in  p a s s in g  from  r i e b e c k i t e  

to  k a to p h o r i te ,  in c r e a s in g  te m p e ra tu re s  o f  fo rm a tio n  a r e  r e q u ir e d .  A 

lo w er c o n te n t o f  Fe^+ in d ic a te s  a lo w er p a r t i a l  p r e s s u r e  o f  oxygen th a n  

i s  r e q u i r e d  f o r  th e  fo rm a tio n  o f  a r f v e d s o n i te .

S im i la r  o c c u rre n c e s  o f  k a to p h o r i t i c  am phibole a s  d e n d r i t i c ,  

s k e l e t a l ,  mossy a g g re g a te s  w ith  a e g e r in e ,  a e g e r in e - a u g i te ,  and a e n ig m a tite  

have been  n o te d  in  th e  t r a c h y te s  o f  th e  Rungwe v o lc a rd c s ,L a k e  Nyasa 

(K a rk in , I960 ) and a ls o  i n  th e  Lake N aiv ash a  t r a c h te  (S m ith , 1931»

Bowen, 1 9 3 7 ).

TABLE
o

(d -  sp a c in g s  i n  A)

COMPARISON OF X-RAY DATA FOR SYNTHETIC RIEBECKITE AND RIEBECKITE -  

ARFVEDSONITE SOLID SOLUTIONS (ERNST, 1962, TABLE 11) WITH DATA FOR THE 

NANDEWAR RIEBECKITE -  ARFVEDSONITE FROM TRACHYTE 2d.

ERNST (1962) Nandewar
T rach y te

(hk l) 3 19 26 37 24

(110) 8 .40 8 .4 2 8 .42 8 .5 2 8 .45
(200) 4 .8 1 9 4 .8 2 4
(040) 4-. 509 4 .5 1 7 4 .511  4 .5 5 1 4 .5 3 7
(131) 3.4-24 3.425 3 .425  3.471 3.421
(240) 3.271 3 .273 3.272 3.307 3.3C3
(310) 3.108 3.110 3 .118 3.160 3.165
(330) 2 .802 2.796 2.802 2 .8 3 7 2.838
(151) 2.729 2 .728 2.730 2 .7 4 7 2.740

3 S y n th e t ic  r i e b e c k i t e ,  p a r t i a l  p r e s s u r e  o f  oxygen d e f in e d  by th e

h e m a tite  -  m a g n e tite  b u f f e r
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l9 Synthetic riebeckite - arfvedsonite solid solution,partial pressure 

of oxygen defined by the bunsenite - nickel buffer 

26 Synthetic riebeckite - arfvedsonite solid solution, partial pressure 
of oxygen defined by the magnetite + quartz - fayalite buffer 

37 Synthetic arfvedsonite - riebeckite solid solution, partial pressure 

of oxygen defined by the magnetite - iron buffer.

(after Rrnst, 1962, Table 11).
24 Riebeckite - arfvedsonite solid solution, concentrated from trachyte 

24, Nandewar Mountains.
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COSSYRITE

Cossyrite is a common constituent of some of the trachytes in 

the Nandewar alkaline province. The term aenigmatite is synonymous 

with cossyrite (Shlyukova, 1963).

The cossyrite invariably occurs as an interstitial groundmass 

constituent, between the felspar laths of the trachytes. The analysed 

cossyrite trachytes (24, GQV4, Mt. W) are all peralkaline (in the 

sense of Shand, 1947), since they have a molecular excess of Na^O +

K^O over and they have a moderately high TiO^ for their stage

of differentiation.

The fine grainsize of the cossyrite made separation extremely 

difficult. The trachyte 24, with the coarsest grainsize of the 

ferromagnesian minerals, was selected for the separation. The rock 

was crushed to pass 300 mesh sieve, and the dust washed off. The 

vashed powder was then passed through a Franz magnetic separator to 

separate the ferromagnesian minerals from the quartz and felspar.

Further concentration of the ferromagnesian minerals was obtained by 

centrifuging in methylene iodide (S.G. 3» 3)» The cossyrite was 

concentrated and partially separated from the aegerine-augite and 

arfvedsonite by repeated passage through a micropanner, using carbon 

tetrachloride as the suspending fluid. The cossyrite (S.G-. 3*8) was 

finally purified by centrifuging in Clerici solution. The pure cossyrite 

concentrate was then heated over a steam bath in a dilute solution of

oxalic acid (10 per cent) to remove thallium and to clean up the 

mineral, and remove adhering magnetite.
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The optics of the cossyrite were also difficult to determine

because of the fine grainsize, strong absorption and high refractive

index. Determinable properties were;

Refractive indices:

a = 1.81 )
) +

ß = 1.82 ) 0.01
) ‘Y = 1.90 )

Pleochroism and absorption: X = pale yellow brown, Y = red brown,

Z = dark brown, X C Y <' Z. Extinction angle = 40°, positive elongation.

Bowen (1937) determined the optics of an aenigmatite from a 

pantellerite at Lake Niavasha:

Refractive indices: 

a = 1.81

ß = 1.82

Y = 1•88
-i, o2V small, Extinction angle = 3° •

Pleochroism and absorption: X = yellow brown, Y = brown,

Z = deep brown-black, high birefringence.
Carmichael (1962) also has determined the optics of the cossyrite 

from the Pantelleric aosidians: (Table IV)

Refractive indices:

2A 3A

a = 1.795 01 — 1.793

ß = 1.805 ß = 1.804

Y = 1.87 Y = 1.87
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X -ra y  d a t a !

An X -ray  powder p h o to g rap h  was ta k en  w ith  a P h i l i p s  114.6  cm
o

cam era w ith  Co K r a d i a t i o n  ( \  = 1 .7889  A ). The d i f f r a c t i o n  p a t t e r n  i s

com pared ( i n  T a b le 1 6  ) w ith  t h a t  o f  K e lsey  and kcK ie (1964) f o r  an

a e n ig m a t i te  from  th e  K ola p e n in s u la ,  and a ls o  w ith  d a ta  f o r  a T i - f r e e

a e n ig m a t i te  s y n th e s iz e d  by E rn s t (1 9 6 2 , p . 71.5? T a b le  13)? and w ith

c o s s y r i t e  and a e n ig m a ti te  p a t t e r n s  from  Shlyukova (1963? p* 263? T a b le  2 ) .

Shlyukova (1963) has shown th a t  a e n ig m a ti te  and c o s s y r i t e  a re

i d e n t i c a l ,  and have s im i la r  X -ray  powder p a t t e r n s .  The c o s s y r i te

from  th e  Nandewars i s  rem ark ab ly  s im i la r  to  th e  a e n ig m a ti te  p a t te r n

re c o rd e d  by K elsey  and mcKie (1964 , p . 991? T ab le  I I )  from  th e  K ola

p e n in s u la .  K elsey  and kcK ie  f in d  th a t  a n a ly se d  c o s s y r i te s  and a e n ig -

m a t i te s  from  K o la , G reen la n d , and P e n t e l l  e r  i a  have s im i la r  X -ray

p a t t e r n s  o v e r th e  e n t i r e  ra n g e  o f  c o m p o sitio n  o f  th e  m in e ra l .  They

have f u r t h e r  t e n t a t i v e l y  in d ex ed  some o f  th e  peaks (o p . c i t .  p . 990)
o o _

from  s in g le  c r y s ta l  p h o to s : 8 .11  A (001) and (OlO) *, 7 .4 3  A (Oil)*,

6 .3 8  A ( i l l )  * th e  o th e r  peaks cannot b e  in d e x ed .

C h em istry »

The a n a ly s i s  o f  th e  N andeaar c o s s y r i t e  from  t r a c h y te  24 i s  s e t  

o u t b e s id e  fo u r  o f  th e  most r e c e n t  a n a ly se s  o f  th e  m in era l (T a b le  1 ?  ) .  

2A and 3A a re  from  C arm ichael (1 962 , T ab le  IV ) , i n  h is  s tu d y  o f  th e  

p a n t e l l e r i c  o b s id ia n s*  and 1 and 2 from  K e lsey  and k c K ie 's  a n a ly se s  

o f  a e n ig m a tite  from  K h ib in i te  q u a r ry , Kola* and South  B osw ell B ay, 

K an g erd lugsuak , E a s t G reen la n d , r e s p e c t iv e ly  (K elsey  and k c K ie , 1964, 

T a b le  I I I )  .
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X-RAY PULLER DATA TOR COSSYRITES AND AEMIG-üiATITES

Nandewar A e n ig m a tite S yn th • Shlyukova (1963) T ab le 2
C o s s y r i te K e lsey  and A enigm at. A en ig m a tite C o s s y r i te

iicK i e 1964 E rn s t 1962
d I d I d I d I d I

8.06 ]LO 8.11 vs 8 .1 2 10 8.80 3
7.36 1 7 .4 3 vw 7 .9 7 9
6 .3 6 2 6 .3 8 VW
4 .8 2 3 4 .8 2 w 4 .7 0 9 1 4 .7 7 1
4 .4 1 2 4 .4 0 w 4 .1 1 2 2 4 .36 1
4 .1 6 3 4 .2 0 w
3.7C8 4 3 .704 raw 3.70 3 3 .6 5 7 2 3«68 3
3.463 3 3.484 w 3.428 4 3 .4 7 3
3 .135  10 3 .1 4 4 vs 3.15 6 3 .107 9 3 .12 9
2.939 7 2 .939 ms 2 .95 3 2.916 9 2 .9 3 7
2.865 1 2 .9 4 4 .5

2 .9 3 5 .5
2.815 1 2.806 vw 2 .7 8  5 2 2 .79 2
2.756 3 2 .7 5 3 vw

2.68 82.658 9 2.705 s 2 .70 5 2.680 10
2 .657 1 2.658 vvw
2 .566 1

82 .5 4 9 9 2 .5 4 5 s 2 .5 3 0 10 2 .5 3
2 .4 5 9 2 2.462 vw

42.418 4 2 .4 1 3 m 2.41 2 2 .3 9 8 3 2.40
2 .3 4 7 1 2 .347 vw 2.325 2 2 .35 1

2 .300 2
2 .308 2 2.310 vw

2.197 vvw 2.202 1 2 .1 9 1
2.124 8 2.119 ms 2 .1 2 3 .5 2.111 10 2 .11 9
2.075 5 2.073 w 2 .068 4 2 .0 7 4
2.010 3 2 .007 mw 2.003 4 2 .01 6
1 .977 1 1 .9 7 3 vvw 1 .965 1 1.946 1
1 .9 4 4 5 1 .9 4 7 vvw
1.909 2 1 .9 1 2 vw 1 .902 3 1.910 2
1.810 1 1 .808 vw 1 .7 9 8 3 1 .809 1

1 .772 vvw
1.740 2 1 .731 w 1.726 2 1 .7 2 3 3
I .6 8 3 2 1.680 w 1 .6 7 4 2 1.675 3
1.630 3 1 .6 2 7 m 1.623 9 1 .6 1 8 9
1 .6 1 4 1 1.610 w
1 .5 9 0 1 1 .5 9 vww 1 .5 8 7 1 1.596 1
1.571 1 1.560 vww I .5 5 7 3 1 .562 1
1 .517 4 1 .5 1 4 w 1 .513 1 1 .5 1 5 4
1 .5 0 0 5 1 .498 mw 1.496 6 1 .4 9 7 3
1 .4 8 4 4 1 .4 8 4 mw
1.473 4
1 .467 4 1 .468 m 1.465 10 1 .4 6 7 10
1 .451 6

--------------------------------------------------- g
A ll  d -sp a c in g s  e x p re sse d  in  A
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TABLE 1 7

CKAICAL ANALYSES OB COSSIPITBS AND AENIGMATITES

24 2A 3A 1 2

S i0 2 4 0 .7 4 41 .02 4 3 .9 7 39 .62 41 .41

T i0 2 7.60 8 .92 8 .8 3 9 .66 8 .3 0

a i 2° 3 0 .6 6 0 .9 4 O.8 9 0 .6 4 n i l

P e2°3
3 .20 1 .3 1 1 .1 9 4 .6 4 4 .46

PeO 3 6 .0 2 38 .84 48 .86 33 .92 35.87

knO 1 .0 0 1.16 1 .0 8 2.46 1 .7 8

IvigO 1 .2 5 C .07 0 .5 4 1 .6 5 1 .3 5

CaO 0 .3 2 0 .4 5 0 .5 5 0 .4 4 n i l

Na20 7 .2 9 7.36 6 .9 3 7 .20 6 .8 7

k20 0 .0 8 0 .0 6 0 .0 8 0 .0 4 0 .0 4

P o0 r t r
2 5

h2o- 1 .36 0 .0 7 n i l n .d .

h2o+ n i l 0 .0 5 n i l

Cl 0 .0 2 n .d .

p n i l n .d .

T o ta l 99.52 1 0 0 .1 3 99 .99 100 .34 100.08

24 C o s s y r i te  from  th e groundmass o f  an ;a e g e r in e -a u g i te -  a r f v e d s o n i te
- c o s s y r i t e  t r a c h y te  ( 2 4 ) ,  Nandewar M o u n ta in s, N.S.W. A n a ly s t k .J .A .

2A C o s s y r i te  p h en o c ry s t from  p o r p h y r i t i c  o b s id ia n  3 H 2 , P a n t e l l e r i a .

3A C o s s y r i te  p h e n o c ry s t from  p o r p h y r i t i c  o b s id ia n  5749 j P a n t e l l e r i a .
2A and 3A from  C arm ichael (1 962 , T ab le  IV ) .

1 A e n ig m a tite  from  K h ib in i te  Q u arry , e a s t  o f  K iro v sk , L o la . A nalyst 
J .H . Scoon.

2 A e n ig m a tite  from  S o u th  Bos-well Bay, K an g erd lugsuak , E a s t G reen land . 
A n a ly s t Brown and Chadwick.
1 and 2 from  K e lsey  and McKie (1964 , T ab le  I I I ) .
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'TABLE 1 8

STRUCTURAL FORMULAE OF CQSSYRITES AND AENIGMATTTES 

BASED ON 40 ( 0 ,  OH), ACCORDING TO THE GENERAL FORMULA X ^ Y ^ Z ^ O .O H )^  

NUMBERS CORRESPOND TO THOSE OP TABLE

24 2A 3A 1 2

[4 ] S i f+ 11 .828 11.735 11 .729 11 .263 11.786

A l^+ 0 .1 7 2 0.265 0 .2 7 1 0 .2 1 4

Fe^+ 0 .523 0 .2 1 4

E4 12.000 12.000 12.000 12.000 12 .000

[6 ] A!3" 0 .0 3 4 0 .0 5 2 0 .0 2 9

Pe^+ 0 .699 0 .2 8 2 0 .256 0.470 0.74-1

V 2+kg 0 .542 0 .030 0 .230 0 .699 0 .5 7 3

4+T i 1 .659 1 .919 1 .901 2.065 1 .7 7 7

w 2+ Pe 8.746 9 .293 9 .304 8 .064 8 .538

k n 2+ O .I85 0 .2 8 1 0 .2 6 2 0 .5 9 2 0 .4 2 9

Ca2+ 0.100 0 .1 3 8 0 .0 1 8 0 .110

26 11 .983 11.995 12.000 12.000 12 .058

[8 ] Ca2+ 0 .1 5 1 0 .0 2 4

Na+ 4 .1 0 4 4 .O83 3.847 3.969 3 .791

K+ 0 .030 0 .0 2 2 0 .0 2 9 0 .0 1 5 0 .0 1 5

28 4 .1 3 4 4 .1 0 5 4 .0 2 7 4 .008 3.806

A nions

Cl" 0.010

OH" 0 .0 9 5

o2- 40.000 40 .000 40.000 39.895 40 .000

Ox. R a t. 8 .0 2 .9 2 .9 11 .0 1 0 .1

Fe_0 xlOO 
= 2  J>

Pe^C^+PeO
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The s t r u c t u r a l  fo rm u lae  o f  th e  a n a ly se s  from  C arm ichael (1962) 

and K e lsey  and kcK ie (1964) have been  ta k en  from K e lsey  and kcK ie (o p . 

c i t . , T ab le  IV ) . The s t r u c t u r a l  fo rm u la  o f  th e  handew ar c o s s y r i te  has 

been  c a lc u la te d  on th e  b a s i s  o f  40 a n io n s  p e r  u n i t  c e l l ,  u s in g  th e  

fo rm u la  x j r ^  ^±2 ( 0 ,0 H )^  , w here: X = s i t e s  o f  8 - f o ld ,

Y = s i t e s  o f  6 - f o ld ,  and Z = s i t e s  o f  4 - f o ld  c o - o r d in a t io n ,  r e s p e c t iv e ly .  

The s t r u c t u r a l  fo rm u lae  a r e  s e t  o u t i n  T ab le  1 8

K e lsey  and kcK ie (1 9 6 4 , p . 993) s t a t e :  "The assu m p tio n  th a t
) \ I

S i i s  c o n f in e d  to  s i t e  o f  A—f o ld  c o -o rd in a t io n  and th a t  A1 and 

F e^+ may l i e  on e i th e r  f o ld  o r  on 6 - f o ld  s i t e s  r e q u i r e  th e  p re sen ce  

o f  tw e lv e  and no more th a n  tw e lv e  <4—f o ld  s i t e s  i n  th e  u n i t  c e l l .  The

- 4 " ■+assu m p tio n  th a t  Na and K l i e  on s i t e s  o f  8 - f o ld  o r  h ig h e r  c o -o rd in a tio n

r e q u i r e s  th e  p re se n c e  o f  tw e lv e  6 - f o ld  s i t e s  and fo u r  s i t e s  o f  h ig h

c o -o rd in a t io n  number i n  th e  u n i t  c e l l . "

The c a lc u la te d  s t r u c t u r a l  fo rm ula  o f  th e  Nandewar c o s s y r i te

conform s w e ll to  t h i s  u n i t  c e l l .  E a r l i e r  a n a ly se s  o f  c o s s y r i te

(K o s ty le v a , 1930» G ossner and S p ie lb e r g e r ,  1929» F le i s c h e r ,  1936)

a r e  h ig h e r  in  Pe 0 th a n  th e  l a t e s t  a n a ly se s  and  t h i s  l e d  F le i s c h e r  
2 3

to  p ro p o se  a u n i t  fo rm ula  ( S i 20 ^ )6 ----- , N a ^ F e ^ F e ^ T i ^ i - ^ O ^ .

C arm ichael (1962) p ro p o sed  Na^Fe2+T i2S i . ^ 0 T h e  id e a l i s e d  fo rm u la  

p ro p o sed  on th e  b a s i s  o f  40 oxygens by K elsey  and McKie (1964 , p . 994) 

i s  Na* ( F e ^ T i^ 4")S i ^ ü j ^ . The Nandewar c o s s y r i te  fo rm u la  i s :

(r:a ,m )4 ^ 3 4 ^ 6  ,mn,i.i£i,o a) 9^571 ( J-1 ’^ e ,A1 '  2 .402 '^ ,A1; 1 2 ,0 0 0  ̂° '  40,000*

The o x id a t io n  r a t i o  (  - —  -------
F e2+ + F e3+

) w hich i s  8 .0  f o r  th e
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Nandewar c o s s y r i t e ,  l i e s  betw een t h a t  o f  th e  P a n t e l l e r i a  c o s s y r i te s  

C arm ichael (1962) w hich have an O.R. o f  2 .9 ?  and th o s  o f  K e lsey  and 

k cK ie  (1964 , T ab le  I I I ) ,  w ith  an av erag e  O.R. o f  10.5#

The H^O c o n te n t o f  th e  Nandewar c o s s y r i te  i s  h ig h  (1 .36  p e r  ce n t)  , 

b u t th e  m in e ra l c o n c e n tra te  was c ru sh e d  to  f i n e r  th a n  360 mesh d u r in g  th e  

s e p a r a t io n  p ro c e d u re s ,  and th e  w a te r  on th e  s u r f a c e s  o f  th e  g ra in s  

ab so rb ed  from  th e  atm osphere  would be  ex p ec ted  to  be  l a r g e .  The 

c o s s y r i t e  i t s e l f  i s  an hyd rous, and a p p e a rs  to  have no a n io n s  a p a r t  

from  oxygen.

The co m position  o f  th e  Nandewar c o s s y r i t e  i s  n o t m arkedly  d i f f 

e re n t  from  th e  o th e r  a n a ly se d  c o s s y r i te s  and a e n ig m a t i te s ,  showing 

t h a t  c o s s y r i t e  c r y s t a l l i s i n g  a t  a l a t e  s ta g e  in  th e  groundm ass 

(Nandewars) i s  th e  same a s  t h a t  o f  e a r l i e r  form ing c o s s y r i t e  (K o la , 

P a n t e l l e r i a ,  e t c . ) .

As shown by K elsey  and k cK ie  (1964) th e  s u b s t i t u t i o n  o f  A1 f o r  

S i  i n  th e  A—f o ld  c o -o rd in a t io n  s i t e s  i s  s m a ll .  The t o t a l  A l i n  th e  

c o s s y r i te s  i s  a ls o  s m a ll ,  one o f  th e  a n a ly se s  quo ted  in  K elsey  and 

McKie (o p . c i t .  , T a b le  I I I ,  No. 2) hav ing  no Al a t  a l l .  The e a r l i e r  

a n a ly se s  o f  c o s s y r i te  te n d  to  have h ig h e r  A l , w hich  may be due to
it

sm a ll amounts o f  im p u r i t i e s ,  b u t i t  co u ld  a ls o  be  due to  th e  r h o n i t e  

ty p e  s u b s t i t u t i o n  -  CaAl fo r  NaSi ( F le i s c h e r ,  1 9 3 6 ).

The low Al i s  due to  p e r a lk a l in e  c o n d it io n s  u nder w hich th e  

c o s s y r i t e  i s  form ed.

2+The i r o n  i s  p r e s e n t  p red o m in an tly  a s  Fe , in d ic a t in g  a low  p a r t 

i a l  p re s s u re  o f  oxygen d u rin g  c r y s t a l l i s a t i o n  ( E r n s t ,  1962).
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Apart from Ti and Ka, the amounts of any other constituents in 

the cossyrites is small. No study has yet been made of the trace 

element content of cossyrite.

Crystal structure;

Foerstner (1881) and Brogger (1890) both believed cossyrite to 
be a triclinic member of the amphibole series, but the X-eray studies by 

Gossner and ^jussgung (1929) and Gossner and Spielberger (1929) showed 
that cossyrite could not be classified as an amphibole. Kelsey and McKie 

(1964) systematically studied the crystal structure of aenigmatite and 
suggested (op. cit. p. 996) "... that the aenigmatite unit cell contains

Sî £p_̂ - in pyroxene type chains running parallel to the a-axis, the oxygen
2+atoms of the chains being cross-linked by 6-fold co-ordinated Fe and

4+Ti , which are also bonded to the four oxygen anions lying outside the
chains: Na+ lies on sites of high co-ordination between the chains."
4+Ti appears to be ordered on a particular pair of 6-fold sites.

It has been suggested that the twinning seen in Pantelleric 
cossyrites is due to inversion of the cossyrite in cooling from a high 
temperature monociinic polymorph to a triclinic polymorph (Kelsey and 

McKie, 1964, p. 998). The Kola and Greenland cossyrites appear untwinned, 
and presumably have crystallised below the inversion temperature,

Similarly, the Nandewar cossyrites appear optically untwinned, and on 

similar reasoning, it is assumed that they have crystallised below the 

inversion temperature. This assumption is quite reasonable, since although 
both the pantelleric and Nandewar cossyrites have crystallised from 

lavas, in the former case the cossyrites are phenocrysts, whereas the
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Nandewar cossyrites are late stage, lower temperature minerals (the 

conditions of low temperature are supported by the presence of 

arfvedsonite).

Paragenesis;

Three conditions are essential for the formation of cossyrites:

1. Peralkalinity.

2. Low partial pressures of oxygen (p ).
U2

3. Concentration of TiO^.

In the lavas of Pantelleria, where cossyrite is common (Washington, 

1914, Carmichael, 1962) the pantellerites all have a molecular excess 

of Na^O + K^O over Al^O^, resulting in the formation of acmite and 

the molecule sodium metasilicate (ns) in the CIPW norm. Some of the 

rocks even have an excess of Nao0 alone over A ^ O  .

The Nandewar cossyrite bearing trachytes are also peralkaline, but

not as markedly as the Pantelleric rocks.

Allied to the peralkalinity is a high sodium content, which in the

case of the pantelleric rocks is not reduced markedly by the formation

of clinopyroxene, since this clinopyroxene has only 20 per cent of the

acmite component (Carmichael, 1962, Table III). The sodium therefore

becomes concentrated in the liquid with respect to Alo0_, CaO, and Mgp,k 3
and is incorporated in cossyrite. Kelsey and kcKie (1964) also note

2+the marked enrichment of aenigmatite in Ti, Fe , and Na and impoverish^ 
3+n.ent in Al, Fe^ , kg, and Ca relative to the pyroxenes.

Ernst (1962) determined the stability limits of aenigmatite (which 

was titanium free) in a study of the bulk composition Na 0.5Fe0 . 8SiO
C. 2k C-
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+ ex cess  H^O a t  v a r io u s  te m p e ra tu re s ,  t o t a l  f l u i d  p re s s u re s  and p a r t i a l  

p r e s s u r e s  o f  oxygen. He found t h a t  a e n ig m a tite  e x is te d  w ith  a e m ite  and 

q u a r ts  u n d er p a r t i a l  p r e s s u re s  o f  oxygen d e f in e d  by th e  m a g n e tite -
t l  «»

w u s t i te  and w u s t i t e - i r o n  b u f f e r s ,  w ith  a p re s s u re  o f  w a te r  l e s s  th a n  

1 ,000  b a r s .  These p a r t i a l  p r e s s u re s  o f  oxygen a re  w e ll below  th o s e  a t  

w hich m a g n e tite  e x i s t s  s ta b ly  (and  a ls o  presum ably  t i ta n o m a g n e ti te )  , and 

a l th o u g h  th e  a d d i t io n  o f  t i ta n iu m  to  th e  system  w i l l  p ro b a b ly  ex ten d  th e  

f i e l d  o f  s t a b i l i t y  o f  a e n ig m a tite  (K e lsey  and k cK ie , 1964) th e  g e n e ra l 

n a tu re  o f  th e  s t a b i l i t y  f i e l d s  a re  n o t ex p ec ted  to  be changed.

K elsey  and McKie (1964) b e l ie v e  th a t  th e  f a c t  t h a t  a e n ig m a ti te  has 

h ig h  TiO^j an<̂  a s  'the s o le  t i t a n i f e r o u s  m in e ra l o f  a

fe rro m a g n esian  assem blage ( u s u a l ly  in c lu d in g  an a l k a l i  am phibole o r  

pyroxene) , shows th a t  t h i s  m in e ra l i s  an ex tre m ely  fa v o u ra b le  environm ent 

f o r  th e  a c c e p ta n c e  o f  T i ,  and form s a t i ta n iu m  's i n k 1. The a e n ig m a tite  

w i l l  be fo llo w ed  i n  th e  p a r a g e n e t ic  sequence by r e l a t i v e l y  t i ta n iu m  poor 

am phioole o r  py ro x en e .

C arm ichael (1962) t e n t a t i v e l y  su g g e s ts  t h a t  th e  assem blage f a y a l i t e -
I!

i lm e n i te  o r  f a y a l i t e  -  u lv o s p in e l  c o u ld  be a l t e r n a t i v e  to  c o s s y r i te  i n  

N a -e n ric h e d  l i q u i d s .  C arm ichael a ls o  adds th a t  no s ig n  o f  a r e a c t io n  r e l 

a t io n s h ip  has been  found  (op . c i t . , p . 9*7) •

I t  w ould app ea r from  th e  d a ta  o f  E rn s t  (1962) t h a t  a t  th e  r e l a t i v e l y

h ig h  p a r t i a l  p re s s u re s  o f  oxygen (a s  d e f in e d  by th e  f a y a l i t e  ___ m a g n e tite

+ q u a rtz  b u f f e r )  th e  assem b lage  f a y a l i t e  + t i ta n o m a g n e ti te  would be s t a b l e .
M

At low p a r t i a l  p re s s u re s  o f  oxygen (d e f in e d  by th e  m a g n e tite  -  w u s t i t e ,



o r  m is t i t  e -  i r o n  b u f fe r s )  t i t a n o  m a g n e tite , o r even ulvo  s p in e l  r i c h  

m a g n e tite ,  i s  no lo n g e r  s t a b l e ,  and th e  o n ly  phase w hich w i l l  a c c e p t

24 -l a r g e  am ounts o f  T i and Fe i s  c o s s y r i t e .

T hese a l t e r n a t i v e  m in e ra l assem blages have been  d e te c te d  i n  two

tr a c h y te s  c o l le c t e d  from  th e  G-overnoij a c o u le e  o f  t r a c h y te  i n  th e

N andew ars, on th e  K apu tar p la te a u .  Boxh th e  t r a c h y te s  (GOV2 and G-0V4)

a re  assumed to  have s im i la r  co m p o sitio n s  (G0V4 has been  a n a ly s e d ) .  I n

th e  t r a c h y te  GOV2 th e  fe rro m a g n e sia n  assem blage i s  a e g e r in e - a u g i te  +

t i ta n o m a g n e t i te ,  w hereas i n  th e  t r a c h y te  G-0V4 i t  i s  s o d ic  fe r ro h e d e n -

b e r g i t e  + c o s s y r i t e  + a r f v e d s o n i t e .  From th e  d a ta  o f  E rn s t  (1 9 6 2 , F ig u re

11B) th e  assem blage  m a g n e tite  + q u a r tz  + ac m ite  can e x i s t  a t  a h ig h e r

P b u t a t  th e  same te m p e ra tu re  a s  th e  assem blage q u a r tz  + a e n ig m a t i te  
°2

o r q u a r tz  + a e n ig m a ti te  + ac m ite  a t  a much low er . T h is  e x p e rim e n ta l

d a ta  can o n ly  be a p p lie d  w ith  g r e a t  c a u t io n  however* th e  a d d i t io n  o f

Ca and T i to  th e  system  co u ld  a f f e c t  th e  s t a b i l i t y  f i e l d s .  N e v e r th e le s s

th e  t r i p l e  re q u ire m e n ts  o f  p e r  a l k a l i n i t y ,  low P and c o n c e n tr a t io n  o f
U2 ’

T i a re  s t i l l  c o n s id e re d  n e c e s s a ry  f o r  th e  fo rm a tio n  o f  c o s s y r i t e .
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TITAICiLAGNmTITES

F o llo w in g  W ilk in so n  (1957b) t i ta n o m a g n e ti te  has been  used  " . . .  

to  d en o te  a s in g le  phase  s o lu t io n  o f  TiO^ compounds i n  m a g n e tite  . . . . "

(p . 4 4 3 ). B uddington and L in d s le y  (1964) u se  th e  te rm  ' t i t a n i f e r o u s  

m a g n e t i te ' to  " . . . .  d e s ig n a te  any m in e ra l w hich i s  p red o m in an tly  m a g n e tite  

and i n  w hich t i ta n iu m -b e a r in g  compounds a r e  p re s e n t  e i t h e r  i n  s o l id  s o lu t 

io n  o r  a s  in c lu d e d  p h a s e s ."  (op . c i t .  , p . 3H )  • However, D e e r, Howie,

and Zussman (1962 , v o l .  P* 68) b e l ie v e  t h a t  t i ta n o m a g n e ti te "  . . . i s  b e s t
n

r e s t r i c t e d  to  th o se  specim ens where th e  p re se n c e  o f  an  u lv o s p in e l  phase  

can be d em o n stra ted  by X -ray  o r  s im i la r  te c h n iq u e s  . . . " .  T ita n o m a g n e tite  

w i l l  be u sed  h e re  to  d e n o te  a homogeneous s in g le  phase  o f  m a g n e tite  w ith  

TiO^ in  s o l i d  s o lu t io n .

A ll th e  a l k a l in e  ro c k s  exam ined (e x c e p t th e  le u c o c r a t i c  com endites) 

c o n ta in  t i ta n o m a g n e t i te .  I t  i s  m ost abundant i n  th e  o l i v in e  b a s a l t s  and 

t r a c h y a n d e s i t e s , and i s  l e s s  abundan t i n  th e  t r a c h y te s ,  i n  w hich i t  i s  

q u i te  sp a r  s e ly  d i s t r i b u t e d .

P o lis h e d  s e c t io n s  w ere made o f  a s e le c te d  exam ple o f  each ty p e  o f  

r o c k ,  and some o f  th e  t i ta n o m a g n e t i te s  w ere s e p a ra te d  f o r  X -ray  exam inat

io n .  D i f f r a c t io n  c h a r t s  w ere made o f  each  specim en, and r e p e a te d  m easure

m ents o f  th e  (113) peaks o f  th e  t i ta n o m a g n e ti te s  a g a in s t  th e  (1120) o f
o

q u a r tz  w ere made, u s in g  Co K r a d i a t i o n  ( \  = 1 .7889  A ). T h is  en ab led  

th e  c e l l  edges a^ to  be  com puted.

I n  th e  o l i v in e  b a s a l t  (G-rl) th e  t i ta n o m a g n e ti te  i s  ex tre m ely  abund- 

d a n t ,  fo rm ing  numerous sm a ll eu h ed ra l c r y s t a l s  w hich a r e  o f te n  embayed.
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The t i ta n o m a g n e t i te s  ap p ea r homogeneous, even u nder h ig h  m a g n if ic a tio n  

( x840) and a r e  n o t n o t ic e a b ly  p le o c h ro ic .  I n  a n o th e r  o l i v in e  b a s a l t  

(5?) th e  c r y s t a l s  o f  t i ta n o m a g n e t i te  a r e  l a r g e r  and s u b h e d ra l.  Some 

g r a in s  a r e  a n i s o t r o p ic ,  w ith  s l i g h t  p le o c h ro ism  i n  brow ns. I n  some 

c r y s t a l s  th e  a n is o t r o p ic  m a te r ia l  r im s a n i s o t r o p ic  c o re s ,  w hereas o th e r  

c r y s t a l s  have ch an n e ls  o f  l i g h t e r  c o lo u re d  m a te r ia l  ( i n  r e f l e c t e d  l i g h t ) .

The t r a c h y a n d e s i te s  (1 0 , 8a) have sm all eu h ed ra l c r y s t a l s  o f  

t i ta n o m a g n e t i te ,  o f te n  d eep ly  embayed. Brown p le o c h r o ic ,  a n i s o t r o p ic  

c r y s t a l s  a re  common. Some t i ta n o m a g n e ti te s  have p le o c h ro ic  r im s ,  o th e rs  

a r e  c o a rs e ly  tw inned  w ith  s e c to r s  o f  c o n t r a s t in g  p le o ch ro ism  i n  brow ns.

The K il la rn e y  Gap t r a c h y te  (K.G-) has q u i te  d i s t i n c t  t i ta n o m a g n e t i te s .  

T hese  a r e  l a r g e  e u h e d ra l to  su b h e d ra l c r y s t a l s  c o n ta in in g  i lm e n i te  

e x s o lu t io n  la m e lla e  o r ie n te d  i n  two d i r e c t io n s  a t  120° i n  th e  h o s t .  Some 

d i s c r e t e  b lo b s  o f  i lm e n i te  a r e  a ls o  found a t  th e  m argins o f  some o f  th e  

l a r g e r  g r a in s .  S m a lle r , more e u h e d ra l homogeneous c r y s ta l s  o f  titan o m ag 

n e t i t e  a r e  a ls o  p r e s e n t .

The more d i f f e r e n t i a t e d  c o s s y r i te - r ie b e c k i te - p y r o x e n e  t r a c h y te s  

(2 4 , G0V4) c o n ta in  s p a r s e  la r g e  i s o t r o p i c  t i ta n o m a g n e t i te s ,  w hich a re  

somewhat rounded . T hese t i ta n o m a g n e t i te s  a r e  n e a r ly  alw ays rimmed w ith  

c o s s y r i t e s ,  and i n  some p la c e s  th e  c o s s y r i t e  ap p ea rs  to  be a r e a c t io n  rim  

on th e  t i ta n o m a g n e t i te .

C e l l  d im en s io n s ; The c e l l  d im ensions o f  th e  t i ta n o m a g n e t i te s  a r e

s e t  o u t belows
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10 tra c h y a n d e s i t  e

KG- t r a c h y te

G0V4 t r a c h y te

24 t r a c h y te

o
a = 8 .42  A o

a = 8 .4 7  A ,o \o I lm e n i te  l i n e s  p r e s e n t
a = 8 .42  A o

a = 8 .3 8  A o

The c e l l  d im ensions a^ o f  p u re  m a g n e ti te ,  a s  g iv e n  by D ee r, Howie,

and Zussman (1962, v o l .  5> pp* 72-73* T ab le  12) ra n g e  from  8 ,394  A to  
o

8.396 A. L in d s le y  (1962 , p . 103* D ig . 33) p lo t s  th e  change i n  u n i t  c e l l
11

d im en sio n s  f o r  m a g n e tite  -  u lv o s p in e l  s o l id  s o lu t io n s  and shows an  a lm o st

l i n e a r  in c r e a s e  i n  u n i t  c e l l  edge from  8 .397  2 f o r  p u re  m a g n e tite  to  
o  1»

8 .338  A f o r  p u re  u lvo  s p in e l .  B udd ing ton  and L in d s le y  (1964, p . 3^-8, P ig .

10) have drawn a d iagram  showing c e l l  d im ensions o f  s p in e l s  i n  th e  r e g io n

Fe_TiQ, -  Fe„0, -  F e l)  -  F eT iO ,. The l a t t i c e  p a ra m e te rs  have been  drawn 
2 4 3 4 2 3  3

a s  c o n to u rs  i n  t h i s  f i e l d  ( a f t e r  A kim oto, K a ts u ra ,  and Y o sh id a , 1937)*

The c e l l  d im ensions o f  s p in e l  s o l i d  s o lu t io n s  a lo n g  th e  j o in  Fe^O^ to

FeTiO a ls o  in c r e a s e ,  b u t n o t i n  a l i n e a r  m anner. However, a d d i t io n  o f  
3

e i t h e r  F epTiO^ o r  FeTiO , ( i n  s o l i d  s o lu t io n )  to  Fe^O^ w i l l  in c r e a s e  th e  

c e l l  d im en sio n s .

B udd ing ton  and L in d s le y  (1964) have shown t h a t  f o r  a t i ta n o m a g n e ti te  

s o l id  s o lu t io n  (Fe^O^ -  Fe^TiO^) , o x id a t io n  can a l t e r  th e  c e l l  d im e n s io n s , 

and th a t  ” . . .  th e r e  may be a wide v a r i a t i o n  i n  th e  co m p o sitio n  and d e g re e  

o f  o x id a t io n  o f  th e  m ag n e tic  m in e ra l f o r  th e  same v a lu e  o f  l a t t i c e  p a r a 

m e te r .” (o p . c i t . , p . >47)• They a ls o  h o ld  th a t  th e  s o l u b i l i t y  o f  

i lm e n i te  i n  m a g n e tite  i s  v e ry  s m a ll ,  and th a t  i lm e n i te  a s  e x s o lu t io n  

la m e lla e  and a ls o  as a component o f  homogeneous Fe -  T i s p in e l s  can be  

e x p la in e d  by su b so lid u s  o x id a t io n  o f  F e2TiO^ i n  m a g n e tite  -  u lv ö s p in e l
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solid solutions*, and further, that the oxidation of Fe^TiO^ occurs

simultaneously with the exsolution of FeTiO .
Despite these limitations, it is possible to make some deductions

regarding the composition from cell dimension data. The titanomagnetites

from the trachyandesite (and presumably those from the olivine basalts)

have cell edges with values quite close to that for pure magnetite, and

are probably not greatly enriched in either Fe^TiO^ or FeTiO.,. The
otitanomagnetite from KG- trachyte has a cell edge of 8.47 A, and this, 

together with the presence of ilmenite exsolution lamellae in the larger 
crystals, indicates enrichment in FeTiO . The titanomagnetites from the 
trachytes GQV4 and 24 have cell edges near that of pure magnetite, and 

hence a great degree of enrichment in Ti is not expected, partly because 
the cossyrite, which often rims the titanomagnetites, absorbs the Ti 

from the magma.
No hematite could be detected in the polished sections studied, and

2+this fact, together with the presence of pyroxenes rich in Fe rather 
than Fe^+ in the early to middle stages of fractionation, and the pres
ence of cossyrite in the trachytes, indicates a generally low to moderate
P in the rocks crystallising titanomagnetite.
°2

Lindsley (1963) has presented data showing that when the composit-
I»ions of coexisting magnetite - ulvospinel (Fe^O^ - Fe^TiO^) and hematite -

ilmenite (Feo0, - FeTiO_) -solid solutions are known, in favourable cases

unique solutions for the oxygen fugacity (f ) and the temperature of
2

their formation can be obtained. Only in the trachyte KG- would it be 

possible to obtain this data*, but because of the fine nature of the 

ilmenite exsolution lamellae in the magnetite, this could be difficult,
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and only the temperature and oxygen fugacity at the time of exsolution

•would be obtained. However, some restriction can be placed on the range

of partial pressure of oxygen (p •, related to the oxygen fugacity by
°2

the activity coefficient of oxygen). Since hematite does not appear, the

fugacity of oxygen must be below that defined by the curve for the

Fe 0, - Fe 0 transition (Lindsley, 1963* P« 61? Pig« 1)« Furthermore,3 4- £■ 3
the temperature of crystallisation in the trachyte KG would be about 

800°C. Referring to the diagram of Lindsley (op. cit., p. 63? Fig. 4), 

where tie lines have been drawn for coexisting Fe^O^-Fe^TiO^ and 

Fe^O^-FeTiO^ solid solutions, the relations at 800°C as defined by the 
fayalite - magnetite - quartz buffer would approximate those present in 

the KG titanomagnetites - i.e. an Fe^G^ - Fe^TiO^ solid solution with 

about 40 per cent Fe TiO. together with an almost pure FeTiO solid solut-2 T- 3
ion of FeTiO, - Feo0,.3 ^ 3

The continuance of low P in further differentiation of the trach-
U2

ytes, though not directly shown by the titanomagnetites, is shown by the 

reaction of magnetite to give cossyrite. Cossyrite, neglecting the Na 

and Si, can be regarded as Fe^Ti^Q.^, or 3FeO, TiO^. This is a much more
tt

FeO rich composition than ulvospinel, SFeO.TiG^.
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FELSPARS

The spelling of felspar used in this thesis is that recommended by 

Deer, Howie and Zussman {l%y, vol. 4, p.4). They note that the form 

feldspar came from German, not from the Swedish original form. Spencer 

(133*7) states that if any change of the name feldspar is to be made, it 

should be to the original Swedish feldtspar or feltspar, not to the 

intermediate German form feldspar. The Concise Oxford Dictionary (4th 

ed. 1951) notes that felspar is a false translation from the German fels: 

a rock. The Swedish form has priority, if any change from felspar were 

contemplated.

The felspars are the most abundant mineral throughout the Nandewar 

alkaline series and are ubiquitous. Particularly in the middle and later 

stages in the trachytic and comenditic rocks, the course of differentiation 

is controlled by the fractionation of the felspars. It is suggested that 

the crystallisation of large amounts of plagioclase in the ’big felspar’ 

basalts in the early stages also has great importance on the later develop

ment of the series, and its peralkalinity.

Separation methodsI

The alkali felspars were separated from several of the trachytes and 

comendites in order to study the trend of felspar fractionation in the 

middle to late stages of differentiation.

The methods of separation used closely followed those of muir and 

Tilley (1961). The fine grainsize of the groundmass felspar made it 

imperative to use fine fractions for separation, and in general the fract

ion with grainsize less than 120 mesh was selected. The fine dust was 

washed off oy decanting in water. The felspars were then separated from



the pyroxenes, amphiboles and cossyrites in methylene iodide with an
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S.G. of 2.7. This felspar fraction was placed in a 10 per cent solution of 

KC1 over a steam bath for 4 hours, and extracted with a 10 per cent solut

ion of Na^CO^ (Muir and Tilley, 1561). This cleaned felspar was then 

split into fractions of differing S.G. - in general a fraction with density 

less than 2.58, another with densities of from 2.58 to 2.63, and one with 
densities greater than 2.63» It was found in one case (KG trachyte) 

necessary to separate fractions with densities less than 2.55, from 2.55 

to 2.58, and from 2*58 to 2.63» In most of the felspar fractions with 

densities greater than 2.63, quarts was present. All the other fractions 

consisted of anorthoclase and sanidine anorthoclase felspars.

Very small included crystals cf cossyrite, clinopyroxene and amphibole 

were very hard to eliminate from the felspars from the trachytes G0V4 and

24, and the high content of iron (expressed as Fe 0 ) indicates that thed 3
felspar fractions were not entirely free of these inclusions.

X-ray methodsI

bach of the felspar fractions was X-rayed. Smear mounts were made

of the unheated felspars, ground with quartz as an internal standard.

Enough quartz was added so that the (lOlü) peak was of similar' intensity

to the (201) of the felspar. The samples were scanned on a philips

diffractometer from 20° to 23° and 29° to 32° several times in both direct-
o

ions using Gu K ^  radiation (\ = 1.541 A). The settings used were: diverg-
o 1 0ing and scatter slits 1 , scanning speed -r 2G per minute, chart speed 

200 mm per hour, time constant 4, and scale factor either 4 or 6. The 

difference between the (20l) felspar peaks and the (lolo) of quartz were
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m easu red , b u t i t  was found th a t  th e s e  m easurem ents were o f  l i t t l e  u se  because  

o f  th e  broad n a tu re  o f  th e  ( 201) p e a k s , in d ic a t in g  th a t  th e  f e l s p a r s  have 

a b ro a d  ran g e  o f  c o m p o sitio n , and p o s s ib ly  a re a s  o f  d i f f e r i n g  th e rm al s t a t e .  

The n a tu re  o f  th e  ( I 3I )  and ( I 3I )  f e l s p a r  p eaks w ere a lso  in v e s t ig a t e d ,  and 

m easurem ent o f  th e s e  p e a k s , to g e th e r  w ith  th e  ( 220) peaks o f  th e  p la g io -  

c l a s e s ,  gave an in d i c a t io n  o f  th e  th e rm a l s t a t e .

A ll  th e  f e l s p a r s  were th e n  h ea t t r e a t e d  by p la c in g  in  a fu rn a c e  a t  

o950 G f o r  24 h o u rs , g round w ith  q u a r tz ,  and smear m ounts ana  d i f f r a c to m e te r  

c h a r t s  made a s  b e fo re .  The (201) f e l s p a r  p eaks sh arp en ed  n o t ic e a b ly  a f t e r  

th e  h e a t t r e a tm e n t ,  and th e  v a lu e s  o f  Or o b ta in e d  by th e  measurement o f  

th e  av e ra g e  an g u la r  d is ta n c e  betw een th e  ( 201) f e l s p a r  and (1010) q u a r tz  

p eaks (from  th e  g raph  o f  C arm ichael and M ackenzie, 1964, F ig u re  1) gave 

good agreem ent w ith  th e  v a lu e s  o f  Or from  th e  chem ical a n a ly se s  ( s e e  

T a b i e s 2 3 - 4 ) .

The t o t a l  f e l s p a r  from  th e  t r a c h y te s  100-6 and Mt W and th e  comend- 

i t e s  Mt L and 104-X were h e a te d  and X -ra y e d , and th e  (201) p eak s  m easured 

to  g iv e  th e  b u lk  Or c o n te n t .

The p la g io c ia s e  p h e n o c ry s ts  from  o l iv in e  b a s a l t  5P and th e  t o t a l  

f e l s p a r  from tr a c h y a n d e s i te  10 w ere a lso  X -rayed  in  b o th  h e a te d  and unh ea ted  

c o n d i t io n s .  The u n h ea ted  f e l s p a r s  w ere u sed  to  g iv e  p a t te r n s  y ie ld in g  

th e  v a lu e s  o f  29 (131) -  20 ( I 3I )  and 29 ( I 3I )  + 29 (220) -  49 ( I 3I )  w hich, 

i f  th e  com p o sitio n  o f  th e  p la g io c ia s e  i s  known fron; r e f r a c t i v e  in d ic e s  o r 

o th e r  m eans, g iv e s  an in d i c a t io n  o f  th e  th e rm a l s t a t e  o f  th e  p la g io c ia s e  

(S m ith  and Gay, 1958)• The (201) v a lu e  o f  th e  h e a te d  t o t a l  f e l s p a r  from  

t r a c h y a n d e s i te  10 was a lso  m easured to  g iv e  th e  Or c o n te n t o f  t h i s
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SOLE OPTICAL PROPERTIES OP FELSPARS FROM ROCKS NOT ANALYSED 

FROM THE NANDEWARS OLIVINE BASALTS, BASALTS, AND TRACHYANDESITES•

Rock number and ty p e Type o f  
f e l s p a r

R . I . p e r
c e n t
An

Remarks

1 P o r p h y r i t i c  b a s a l t p la g io c la s e
p h e n o c ry s ts

ß=1.567 63 G-roundmass 
p la g io c la s e  a lso

CT6 P o r p h y r i t i c  o l iv in e  
b a s a l t

11 11 ß s l.5 6 5 63 11 it

32 11 i t 11 i t 11 ß=1.565 63 11 tt

5 i t  t i ti 11 it ß=1.563 60 11 t i

1 1 8 - lP o r p h y r i t i c  f e l s p a r  
a l t

b a s - * ’ i t ß=1.562 38 11 ti

4 11 t t t i i t

(zoned)
t i 0=1.364

ß=1.567
66 11 11

20 T ra c h y a n d e s ite R are  p la g 
io c la s e  
p h e n o c ry s ts

ß=1.565 63 11 it

9A t i  t i t i i t 11 ß=1.565 63 i t t i

7 11 i t i t 11 11 ß=1.563
a=1.568

61 11 t i

2 11 i t i t t i 11 ß=1.564 6 2 i t t t

20B i t  t i n 11 n ß=1.553 Ao t i 11

9 11 i t t i t i 11 ß=1.557 47 11 11

A ll  o p t i c a l  d e te rm in a tio n s  c a r r i e d  o u t i n  sodium  l i g h t ,  a c c u ra c y  o f  
r e f r a c t i v e  in d ic e s  -  0 .0 0 2 .
P l a g i o c l a s e  c o m p o s i t i o n s  f r o m  t h e  g r a p h s  o f  D e e r ,  H o w ie , a n d  Z u ssm a n  
( 1 9 6 3 ,  v o l .  4 ,  p p .  I3 O -I3 I ,  F i g u r e s  48 a n d  4 9 ) .
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TABLE 20

SOLS OPTICAL PROPERTIES OP FELSPARS FROM ROCKS NOT ANALYSED FROM TEE
NANDEtfARS.

TRACHYTES.

Ro ck number and type Type of 
felspar

Optics Remarks

18 Porphyritic trachyte Alkali
felspar
phenocrysts

ß=1.533
Y=1.535

Groundmass alkali 
felspar also

CT2 Gossyrite-aegerine-
augite-katophorite
trachyte

it i i ß=l.531 
2V” =70-80°

11 11

Mt.F Cossyrite-aegerine- 
augit e- ar f v edso ni t e 
trachyte

i i it 5=1.529 ti 11

GO VI ii ii i i it 5=1.535- 11 ti

22 Two felspar trach- n 
yte

ii ii P-1.535
Y=l-539 
2V=6 2° 
(core) 
2V=48° 
(margin)

Rare oligoclase 
phenocrysts, with 
groundmass alkali 
felspar

2GA Cossyrite-aegerine- 
augit e-katophorit e 
trachyte

it it 5=1 . 5 3 3 „
2V-=70.80

Groundmass alkali 
felspar in trachytic 
laths

26 Comendite it i i 5=1.535- Groundmass alkali 
felspar also

All optical determinations carried out in sodium light, accuracy of 
refractive indices i 0.002.
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TABLE 21

SOLE OPTICAL PROPERTIES OF FELSPARS FROL ANALYSED ROCKS FROM THE NANDEWARS

o l iv in e  b a s a l t s , b a l a l t s , and tra ck y a n d esites

R ock num ber and ty p e Type o f  O p t ic s
f e l s p a r

P e r
c e n t
An

Rem arks

E7 P o r p h y r i t i c
b a s a l t

P l a g i o c l a s e  ß= 1 .564  
p h e n o c ry s ts  2V=78

60 G roundm ass p l a g i o c l a s e  
a l s o

5P P o r p h y r i t i c  o l i v 
i n e  b a s a l t

” » 6= 1 .564
( c o r e )  
ß= l • 560 
(m a rg in )  
2V+=78°
( c o re )

63

55

i t i t

Gr 1 i t  n ” »• 6=1.561 
2V+=74°

58 i t i t

E8 11 11 " ” ß = l-5 6 4
2V =74

60 11 i t

10 T r a c h y a n d e s i te R a re  p l a g -  ß = l .56  3 60 T o ta l f e l s p a r  has  11
i o c l a s e  E x t .  a n g - g e r  c e n t  O r ,  by
p h e n o c ry s ts  l e  on 201 X -ray

(010=32°
G roundm ass a=1.556 
p l a g i o c l a s e  a=1 .550  

E x t .  an
g l e  on
(010)
28-30 o

51
42
5 0 -
53

11 ” R a re 0= 1.559 62
p l a g i o c l a s e ß = l .5 6 4
G roundm ass ct=l. 547 36
p l a g i o c l a s e

A i l  o p t i c a l  d e te r m in a t io n s  c a r r i e d  o u t  i n  sodium  l i g h t ,  a c c u ra c y  o f  
r e f r a c t i v e  i n d i c e s  -  0 .0 0 2 .

P l a g i o c l a s e  c o m p o s itio n s  fro m  th e  g ra p h s  o f  D e e r ,  H o v d e r, and  Zussman 
(1 9 6 3 , v o l .  4 ,  p p . 1 3 0 -1 3 1 , F ig u re s  48  an d  4 9 ) .
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TABLE 2 2

&E OPTICAL PROPERTIES OP FELSPARS PROM THE NÄNDEWÄRS TRACHTTES AMD

COlvEKDITES.

Rock number and ty p e Type o f  R . I .  2V Remarks
f e l s p a r  and  E x t.

a n g le

118-2  A lk a l i  s y e n i te P la g io c la s e  0=1.545
p h e n o c ry s ts  y = l .555

An33-35
KG Two f e l s p a r  

t r a c h y te
O lig o c la s e  ,8=1.540- 
p heno c ry s t  s  1 .543

An15-20
A n o rth o - ,8=1 . 534-
c la s e  I .536
p h e n o c ry s ts  y= 1 .539 -  

1 .541

56-
41°

Groimdmass a l k a l i  
f e l s p a r  a ls o

151-2 a 11 O lig o c la s e  E x t. on 
p h e n o c ry s ts  (010)= 

11-12°

An30
A n o rth o - 0=1.529
c la s e  ß=1.536
p h e n o c ry s ts  y=1.540 
Groundmass o = l .526- 
a l k a l i  1.528
f e l s p a r

4 l ° -
55°

C ro ss -h a tc h e d  tw in s

P h e n o c ry s ts  rimmed 
w ith  a l k a l i  f e l s p a r  
ß=l» 525

24 C o s s y r i t  e -a  ege r - P h e n o c ry s ts ß=1.531- 56®- Groundmass a l k a l i
i n e - a u g i t e - a r f -  
v e d s o n ite  t r a c h -  
y te

a l k a l i
f e l s p a r

1.532 61° f e l s p a r  a ls o

G0V4 F e r ro h e d e n b e rg i te  P h e n o c ry s ts  
- a r f v e d s o n i t e -  a l k a l i
c o s s y r i t e  t r a c h -  f e l s p a r  
y t e

Groundmass 
a l k a l i  f e l .

a=1.526
ß=1.532
Y=1.533-

1 .534
a=1.526
Y=1.533

60-
61°

11 11

73-5 Com endite A lk a l i
f e l s p a r
p h e n o c ry s ts

0=1 .528
T=l*535 59

Groundmass a l k a l i  
f e l s p a r  a lso

73-12 ii 11 11 11 0=1.526 
Y = l.533

48° 11 11

Mt W T ra c h y te H II 50-
58°

Groundmass a l k a l i  
f e l s p a r  a ls o  j 
t o t a l  f e l s p a r  Or= 
44  p e r  c e n t 201 
X -ray

Mt L Com endite 11 11 .8=1.529 42-
49°

Groundmass a l k a l i  
f e l s p a r  a lso *  
t o t a l  f e l s p a r  0r=  
39 p e r  c e n t 201 
X -ray

104-E Com endite A lk a l i
f e l s p a r
p h e n o c ry s ts

0=1.527 
ß= 1.53 l- 

1 .532  
r= 1 .533

52556
Groundmass a l k a l i  
f e l s p a r  a l s o i  
t o t a l  f e l s p a r  0r=  
40 p e r  c e n t 201 
X -ray

A ll  o p t i c a l  d e te rm in a tio n s  c a r r i e d  o u t i n  sodium  l i g h t ,  a cc u racy  o f  
r e f r a c t i c e  in d ic e s  -  0 .0 0 2 .

P la g io c la s e  coExpositions from  th e  g rap h s  o f  D e e r , Howie and Zussman 
(1 9 6 3 , V ol. 4 ,  p p . 1 3 0 -1 3 1 , F ig u re s  48 and 4 9 ) .
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p la g io c la s e .

O ccu rren ce  and O p tic s  o f  th e  F e ls p a r s

The o p t ic s  o f  th e  f e l s p a r s  from  th e  ro c k s  n o t a n a ly se d  a re  l i s t e d  

i n  T a b le s  1 9  and 2 0  , and th o se  from  th e  an a ly se d  ro c k s  a re  l i s t e d  in

T a b le s  21 and  2 2  . 

p l a g io c l a s e :

p la g io c la s e  o c c u rs  in  a l l  th e  b a s a l t i c  ro c k s ;  th e  p o r p h y r i t i c  o l iv in e  

b a s a l t s ,  th e  'b i g  f e l s p a r '  b a s a l t s ,  and th e  t r a c h y a n d e s i te s .  O lig o c la s e  

i s  a minor c o n s t i tu e n t  o f  th e  t r a c h y te s  KG- and 151-2«

The 'b ig  f e l s p a r ’ b a s a l t s  a r e  d i s t i n c t i v e  on acco u n t o f  th e  la r g e  

f e l s p a r  p h e n o c ry s ts ,  w hich  a re  ex tre m e ly  ab u n d an t, and up to  2 in c h e s  

lo n g .  The most co n sp icu o u s  f e a tu r e  o f  th e s e  p h e n o c ry s ts  i s  t h e i r  z o n in g , 

w hich a lth o u g h  o s c i l l a t o r y  in  ty p e ,  shows p ro g re s s iv e  en richm en t in  Ab 

to w ard s  th e  m a rg in s . The ran g e  i s  from  An^r to  about A n ^ . m u l t ip le  

a l b i t e  and some c a r l s b a d  tw in n in g  i s  common. Rims o f  in c lu s io n s  o f a p a t i t e s  

and z irc o n s  a r e  u s u a l ly  d ev e lo p ed  w ith in  th e  c r y s t a l s ,  j u s t  in s id e  th e  

m a rg in s . The c o re s  o f  th e  p h e n o c ry s ts  a re  u s u a l ly  q u i te  c l e a r  o f  i n t r u s 

io n s ,  su g g e s tin g  th a t  th e s e  p h e n o c ry s ts  a re  o f  e a r ly ,  and p e rh ap s  i n t r a -  

t e l l u r i c ,  c r y s t a l l i s a t i o n .  I n  some o f  th e s e  b a s a l t s ,  th e  p h e n o c ry s t l a t h s  

o f  p la g io c la s e  a r e  s l i g h t l y  r e s o rb e d  by th e  magma. The groundm ass p la g -

io c la s e s  a re  more s im ply  tw inned  and have c o n p o s it io n s  ra n g in g  from  A n „50
to  A n ^ .  These p la g io c la s e s  a r e  u s u a l ly  la c e d  w ith  m yriad  a p a t i t e  n e e d le s .

The p la g io c la s e s  from  th e  p o r p h y r i t i c  o l i v in e  b a s a l t s  a re  g e n e ra l ly  

s i m i l a r ,  bu t th e  p h e n o c ry s ts  a re  s m a lle r  and l e s s  abundant a lth o u g h  th e y  

have th e  same c o m p o s itio n a l ra n g e  a s  th e  p h e n o c ry s ts  from  th e  'b ig  f e l s p a r ’ 

b a s a l t s .  The groundm ass p la g io c la s e s  a re  r i c h e r  in  a l b i t e  having  a ra n g e
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o f  co m p o sitio n  from  An^„ to  A n^...

The t r a c h y a n d e s i te s  g e n e ra l ly  have no p h e n o c ry s ts ,  b u t som etim es have

up to  5 p e r  c e n t o f  p la g io c ia s e  mi crop heno c ry  s t s  o f co m p o sitio n  o f  ab o u t

s ig n s  o f  s e v e re  r e s o r p t io n  by th e  magma, and have some rim s o f  p o ta s h  o l i -  

g o c la se .  The groundmass p la g io c la s e s  a re  v e ry  f in e  g r a in e d ,  b u t c o n s is t  

g e n e r a l ly  o f  v ery  s n a i l  l a t h s  -with t r a c h y t i c  flow  s t r u c t u r e ,  and have corn-

a re a s  betw een  th e  l a t h s  co u ld  be  a l k a l i  f e l s p a r .  A m easured X -ray  p a t t e r n

a n d e s i te  10 in d ic a te s  an Or c o n te n t o f  11 p e r  cen t by th e  201 method 

(C arm ichael and X acK enzie, 1964} who in d i c a te  th a t  th e  (201) method g iv e s  

r e l i a b l e  r e s u l t s  f o r  th e  Or c o n te n t o f  t e r n a r y  f e l s p a r s  w ith  up to  hO 

p e r  cen t An) . The b u lk  n o rm ativ e  f e l s p a r  o f  t h i s  t r a c h y a n d e s i te  10 has a

f e l s p a r  i s  much r i c h e r  i n  p o ta sh  th a n  th e  p la g io c ia s e  l a t h s ,  and t h a t  i t  

i s  p ro b a b ly  c a lc ic  a n o r th o c la s e .

The b u lk  n o rm ativ e  f e l s p a r s  o f  th e  t r a c h y a n d e s i te s  15 and 8A a r e  much 

p o o re r  i n  An th a n  t h a t  o f  t r a c h y a n d e s i te  1 0 , t h e i r  co m p o sitio n s  b e in g ;

l i e  on th e  two f e l s p a r  boundary  o f  th e  a n o r th o c la s e  f i e l d  and  w ith in  th e  

a n o r th o c la s e  f i e l d  w ith in  th e  0r-A b-A n t r i a n g l e ,  r e s p e c t iv e ly  (F ig u re  8  ) •  

B oth  th e s e  f e l s p a r s  a re  v e ry  f i n e  g ra in e d  w ith  t r a c h y t i c  flow  s t r u c 

t u r e .  No a l b i t e  tw in n in g  o f  th e  com plex o r m u l t ip le  ty p e  i s  s e e n , o n ly  

s im p le  c a r ls b a d  tw in s  b e in g  p r e s e n t .  L u ir  and T i l l e y  (1961) n o te  t h a t  i n  

f e l s p a r s  o f  t h i s  ty p e  from  m u g e a r i te s ,  th e  most s o d ic  p la g io c la s e s  s t i l l

cf th e  t o t a l  f e l s p a r  f r a c t i o n  (h e a te d  f o r  24 hours a t  950°C) from  th e  t r a c h y -
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to show multiple albite twinning have a composition of Ab , and plagio-3U
clases less calcic than this show no twinning and are tentatively identified 

as ‘lime anorthociase’. It would appear, therefore, that lime anorthoclase 

forms a significant proportion of the total felspar present in these Kandewar 

trachyandesites (15 and 8a ), the proportion being greater than for trachy- 

andesite 10. The felspars w/ere too fine to measure any determinative 

optical properties.

Oligoclase has been found in the trachytes (two felspar types) 22,

151-2, and KG. In the trachyte KG the oligoclase forms stumpy phenocrysts, 

which possess multiple albite twinning and are rimmed with untwinned alkali 

felspar. The conposition (from ß refractive index measurements, see 

Table 22 ) is from An^r to An^*, whereas the oligoclase phenocrysts in 

trachyte 151-2 have a composition of An__. X-ray diffractometer measure-
J ”

ments of the (201) peak show an average Or content in the oligoclase from 

trachyte KG of from 7.5 per cent to 10 per cent, from the graph of 

Carmichael and KacKenzie (1964, Figure 1).

The plagioclase felspars from these two felspar trachytes are similar 

in composition to those analysed by kuir and Tilley (1961) , who note that 

for potash rich oligoclases, the effect of potash on the optics is a slight 

lowering of the refractive indices. The oligoclase phenocrysts from trach

yte KG may, therefore, be slightly more An rich than An^.20
The thermal state of the plagiociases was investigated by X-rays.

The value for 20 (I3I) ~ 29 (I3I) for the plagioclase phenocryst from 
5P is 1.98°* which for the composition AnQ  ̂ (see Table 21 ) indicates an

intermediate to high structural state, according to the graph of Smith

and Yoder (1956). The function 2G (131) + 29 (220) - bQ (131) gives a
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b e t t e r  in d i c a t io n  o f  th e rn ia l s t a t e  in  th e  ra n g e  A n ^  to  Arm,- (Sm ith  and
20 /0

Gay, 1 958 j D ee r, Howie, and Zussman, 1965? v o l .  4 ,  p . 1 0 2 ) , and th e  v a lu e  

m easured on th e  p la g io c la s e  p h e n o c ry s ts  from  5P (0 .9 3 ° )  in d i c a te s  an 

in te rm e d ia te  to  h igh  th e rm a l s t a t e .  The 2V o f  t h i s  p la g io c la s e ,  7 8 ° , a ls o  

in d i c a te s  a s t a t e  ap p ro ach in g  th a t  o f  h ig h  te m p e ra tu re  h e a te d  n a tu r a l  

p la g io c la s e s  (S m ith , J .R .  , 1958)*

The t o t a l  p la g io c la s e  o f  th e  t r a c h y a n d e s i te  10 has an assum ed compos

i t i o n ,  ig n o r in g  Or c o n te n t ,  o f  A n ^  ^  (from  an  average  o f  th e  o p t i c a l  

v a lu e s  An_Q, and bu lk  n o rm a tiv e  f e l s p a r  A n ^  • The v a lu e  o f  20 ( I 3I )  -  

29 (131) fo r  t h i s  f e l s p a r  i s  1 .7 8 ° ,  w hich in d i c a te s  a low te m p e ra tu re  

p la g io c la s e  ac c o rd in g  to  th e  g rap h  o f  Sm ith and Yoder (1956) and th e  v a lu e  

29 (131) + 29 (220) -  49 (131) o f  0 .5 0 °  i n d i c a t e s  a s t a t e  ap p ro ac h in g  low 

te m p e ra tu re  p la g io c la s e  (S m ith  and Gay, 1958)* Ik e  v a lu e s  o f  29 ( I 3I )  -  

29 ( I 3I )  and 29 ( I 3I )  + 29 (220) -  49 ( I 3I )  e s p e c ia l ly  f o r  low te m p e ra tu re  

p la g io c la s e s ,  a r e  e s s e n t i a l l y  c o n s ta n t in  th e  ran g e  A n ^  ^  (S m ith  and 

Y oder, 1956* Sm ith and Gay, 1958)*

Comparing th e  2V o f  p la g io c la s e  p h e n o c ry s ts  from  b a s a l t s  E 7 , Gr 1 ,  

and E8 w ith  th e  com position  d e r iv e d  from  ß r e f r a c t i v e  in d ic e s  on th e  g raph  

o f  Sm ith J .R .  (1956) y ie ld s  d a ta  on th e  therimal s t a t e ,  and t h i s  i s  s e t  

o u t below ;

Ro ck R e f r a c t iv e
in d e x

P e r
Gent
An

2V° I n d ic a te d  th e rm a l 
s t a t e

E7 ß=l .564 60 78 In te rm e d ia te
Gr 1 ß=1.561 58 74 High
E8 0=1.564 60 74 High

The p la g io c la s e  p h e n o c ry s ts  fromi th e  b a s a l t s  a re  g e n e r a l ly  i n  an
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in te rm e d ia te  to  h ig h  th e rm al s t a t e ,  w h ile  th e  t o t a l  p la g io c la s e  from  th e  

t r a c h y a n d e s i te  10 has a th e rm a l s t a t e  ap p ro ac h in g  low te m p e ra tu re  fo rm s. 

A lk a l i  f e l s p a r :

I n  th e  zoned f e l s p a r s  o f  th e  t r a c h y a n d e s i te s  i t  ap p ea rs  t h a t  th e  low 

D.R. i n t e r s t i t i a l  a re a s  o f  f e l s p a r  betw een th e  l a t h s  o f  c a r l s b a d  and a l b i t e  

tw inned  o l ig o c la s e  a r e  c a l c ic  a n o r th o c la s e s , s im i la r  to  th e  ty p e s  d e sc r ib e d  

by k u i r  and T i l l e y  (1961) from  in u g e a r ite s . The b u lk  n o rm ativ e  f e l s p a r  o f 

th e s e  t r a c h y a n d e s i te s  (1 0 , 1 5 > ÖA) , when p l o t t e d  on an An-Ab-0r d iag ram  

(F ig ,  8  ) , l i e  n e a r ,  o r w ith in  th e  a n o r th o c la s e  f i e l d ,  a s  d e f in e d  by

S m ith  and M ackenzie (1958) » and hence much o f  th e  f e l s p a r  must be an o rth o 

c la s e .

The two f e l s p a r  t r a c h y te s  c o n ta in  b o th  p h en o cry s t and groundmass anorthr- 

o c la s e .  The p h e n o c ry s ts  a r e  stum py, u n l ik e  th e  e lo n g a te d  la th - s h a p e d  

f e l s p a r s  p r e s e n t  in  o th e r  t r a c h y te s .  The (001) and (110) fo rm s, and a 

rhom boidal o u t l in e  a r e  d ev e lo p ed , r a th e r  th a n  e lo n g a tio n  p a r a l l e l  to  (0 1 0 ). 

U pton (1964) has o b se rv ed  t h i s  rhom boidal shape in  a l k a l i  f e l s p a r s  in  

a l k a l i  ro c k s  i n  S ou th  G reen la n d , and concludes t h a t  in  th e s e  c a se s  th e  

f e l s p a r s  c r y s t a l l i s e d  a s  r e l a t i v e l y  C a - r ic h  m o n o c lin ic  so d a -sa n ic iin e s , 

and su o se q u e n tly  in v e r te d  to  t r i c l i n i c  symmetry. O fte d a h l (1948) in  s tu d y 

in g  th e  rhomb p o rp h y r ie s  o f  th e  O slo  r e g io n ,  c o n s id e rs  t h a t  th e  rhom boidal 

f e l s p a r s  c r y s t a l l i s e d  as  p la g io c la se s* , b u t Upton (o p . c i t . )  n o te s  th a t  

p la g io c la s e ,  c r y s t a l l i s e d  i n i t i a l l y  a s  th e  t r i c l i n i c  form  (b eca u se  th e  

l i q u id u s  i s  below  th e  te m p e ra tu re  o f  th e  m o n o c lin ic  -  t r i c l i n i c  in v e rs io n ^  

Sm ith  and M ackenzie , 1958) has ta b u la r  h a b i t ,  b u t once th e  f e l s p a r  b eg in s  

to  c r y s t a l l i s e  i n i t i a l l y  as  th e  m o n o c lin ic  form  ( c a l c i c  a n o r th o c la s e ) ,

rhom ooidal h a b i t  i s  assumed,
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In the trachyte from Killarney Gap (KG) , the anorthoclase phenocrysts 

have usually developed blotchy or patchwork extinction, together with faint 
traces of cross-hatched twinning in many cases. The blotchy extinction is 
taken to indicate one of three phenomena:

1. Differing thermal states.
2. Differing compositions (only a slight difference assumed).

3. Exsolution.
The last possibility is favoured, as the blotchy extinction appears like 
that in mesoperthites, and in the Nandewar anorthoclases there could be 
exsolution of an Ab rich phase from an Or rich phase. This exsolution 
appears to have taken place before extrusion, since the phenocrysts are 
rimmed with homogeneous alkali felspar with a lower R.I*

The anorthoclase phenocrysts from trachyte KG contain up to 8 per cent 
An (from chemical analysis of felspar fractions) , and the refractive index, 
ß = I.535). Üftedahl (1948) has produced curves from the average refractive 
index —  (a + y) and the extinction angle a a, for the composition of 
ternary alkali felspars with up to approximately 10 per cent An. Knowing 
the composition of the felspars from the chemical analyses (Table 23 ) 9
the average refractive index for these anorthoclases N = 1.534, is higher 
than predicted from the graph of Oftedahl, and this highlights the difficulty 
of producing optical determination curves for the ternary felspars. The 

ß index is also higher than predicted from the graph of Tuttle (1952) where 
ß refractive indices along the (An + Ab) - Or join are plotted. The An 
molecule in the anorthoclases 'will raise the refractive indices, and Deer, 

Howie and Zussman (1963* vol. 4) note that the effects of quite small 

amounts of An in solid solution will have relatively large effects on the
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3+r e f r a c t i v e  in d ic e s ,  a s  a ls o  w i l l  sm a ll am ounts o f  B a, S r ,  Rb and Fe .

M ackenzie and Sm ith (1956) c o n s id e r  t h a t  r e f r a c t i v e  in d ic e s  change 

b u t s l i g h t l y  w ith  co m position  in  th e  h ig h  te m p e ra tu re  a l k a l i  f e l s p a r  s e r i e s  

in  th e  Ab -  Or system , and t h a t  th e  v a lu e s  f o r  th e  d i f f e r e n t  s t r u c t u r a l  

s t a t e s  (h ig h  and low te m p e ra tu re  form s) v a ry  o n ly  s l i g h t l y .  They co n c lu d e , 

t h a t  f o r  R . I .  m easurem ents to  be o f  any v a lu e ,  th e y  must be  d e te rm in ed  

much more a c c u ra te ly  th a n  has been  done i n  th e  p a s t .  I t  i s  a lso  c le a r  from  

th e  g rap h  o f  T u t t l e  (1952? F ig .  2) t h a t  th e  v a r i a t i o n  in  R . I .  fo r  h ig h  tem - 

p e r a tu r e  a l k a l i  f e l s p a r s  betw een  p u re  Or and p u re  Ab i s  q u i te  sm all (y  = 

1 .5 2 2  to  I.5 3 4 -, a = 1 .5 1 8  to  1 .5 2 6 ) .  T hese  chan g es, a s  n o te d  b e fo re ,  c o u ld  

be overshadow ed by sm all am ounts o f  Ga.

S in c e  th e r e  a re  so many f a c t o r s  w hich can in f lu e n c e  th e  r e f r a c t i v e  

in d ic e s  o f  th e  a l k a l i  f e l s p a r s ,  p a r t i c u l a r l y  th e  te rn a r y  f e l s p a r s ,  th e  u se  

o f  R . I .  i n  d e te rm in in g  c o m p o sitio n a l changes i s  o f  v e ry  d o u b tfu l v a lu e ,  

ex cep t p e rh ap s  f o r  g iv in g  some e s t im a te  o f  th e  e x te n t  o f  Ca i n  s o l id  s o lu t 

io n  in  th e  f e l s p a r s .  The u se  o f  o p t i c  a x ia l  a n g le s ,  to g e th e r  w ith  th e  known 

chem ica l c o m p o sitio n , o r th e  Or/Ab r a t i o  from  X -ray  201 d e te rm in a t io n s ,  

g iv e s  much more v a lu a b le  in fo rm a tio n ,  p a r t i c u l a r l y  on th e  s t r u c t u r a l  s t a t e  

o f  th e  f e l s p a r s ,  and t h i s  a s p e c t  w i l l  be d is c u s s e d  l a t e r .

The groundmass f e l s p a r s  o f  th e  two f e l s p a r  t r a c h y te s  a r e  much more 

e lo n g a te d  p a r a l l e l  to  (OlO) and la th - s h a p e d ,  and p o s s e s s  c a r lsb a d  tw in n in g .

The a n o r th o c la s e  p h e n o c ry s ts  in  t r a c h y te  22 a re  g e n e r a l ly  s im i la r  to  

th o s e  in  th e  h i l l a r n e y  Gap t r a c h y te  KG, b u t show much b e t t e r  dev e lo p ed  

c ro s s -h a tc h e d  tw in n in g , and much l e s s  e x s o lu t io n . T h is  in d ic a te s  t h a t  

t r a c h y te  22 has co o led  th ro u g h  th e  in v e rs io n  te m p e ra tu re , b u t has n o t c o o led  

s lo w ly  enough f o r  e x s o lu t io n  to  d ev e lo p . Sm ith  and M ackenzie (1958) s t a t e
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t h a t  th e  s a n id in e  -  a n o r th o c ia s e  in v e rs io n  i s  a lm o st in s ta n ta n e o u s ,  so th a t  

even w ith  v e ry  f a s t  c o o lin g , th e  c ro s s  h a tch ed  tw in n in g  sh o u ld  d ev e lo p . 

A no ther re a so n  f o r  th e  la c k  o f  e x s o lu t io n  i s  t h a t ,  f o r  th e  co m p o sitio n  o f  

th e  a n o r th o c ia s e  under c o n s id e ra t io n  ( s o d a - r i c h ) , th e  a l k a l i  f e l s p a r  so lv u s  

l i e s  a t  about 400°C. When th e  ro c k  has co o led  to  t h i s  e x te n t ,  th e  s lu g g is h 

n e s s  o f  s o l id  s t a t e  d i f f u s io n  w i l l  p ro b a b ly  p re v e n t e x s o lu t io n  from  ta k in g  

p la c e  (Sm ith  and k acK en z ie , op. c i t . ) .

The a n o r th o c ia s e  p h e n o c ry s ts  from  t r a c h y te  151-2  a r e  l e s s  rhom boidal 

th a n  th o s e  j u s t  d e s c r ib e d  from  t r a c h y te  22. They a r e  more e lo n g a te d  and 

la th - s h a p e d ,  and have q u i te  common c a r l s b a d  tw in n in g , and l e s s  common 

t a r t a n  tw in n in g . A ten d en cy  fo r  th e  a n o r th o c ia s e  p h e n o c ry s ts  to  form  

g lo m e ro p o rp h y r it ic  a g g re g a te s  was n o te d . The groundm ass f e l s p a r s  from  t h i s  

t r a c h y te  (151-2) a re  sm a ll e lo n g a ted  l a t h s  in  t r a c h y t i c  flow  s t r u c t u r e ,  and 

u s u a l ly  p o s se s s  c a r ls b a d  tw in s . The R . I .  o f  t h i s  grounam ass f e l s p a r  i s  

lo w er th a n  th a t  o f  th e  p h e n o c ry s ts  (p h e n o c ry s ts  a = 1*529» groundm ass 

a = 1 . 5 2 6 ) .

The a n o r th o c la s e s  from  th e  m u g e a rite s  s tu d ie d  by k u i r  and T i l l e y  (1961) 

have from  1C p e r  c en t to  20 p e r  cen t An. Those w ith  10 p e r  c e n t An have 

av e rag e  r e f r a c t i v e  in d ic e s  a = 1 .5 2 6 , y = 1-535» and th o s e  w ith  from  11 p e r  

c e n t to  13 p e r  cen t An have av e rag e  r e f r a c t i v e  in d ic e s  a = 1 .5 2 6 -1 .5 3 1 »  Y = 

l-5 3 6 “ l-5 ^ 0 -  The a n o r th o c ia s e  p h e n o c ry s ts  from  th e  two f e l s p a r  t r a c h y te s  

i n  th e  Nandewars have av e ra g e  r e f r a c t i v e  in d ic e s  o f  a = 1 .5 2 9 , ß = I .5 3 5 ,

Y = 1 .5^0» and th e s e  v a lu e s  a r e  c lo se  to  th o s e  o f  th e  a n o r th o c la s e s  from  

th e  m u g e a rite s  w ith  11 p e r  c e n t to  12 p e r  c e n t An (k u ir  and T i l l e y ,  I 9 6 I ) .

The a l k a l i  f e l s p a r s  from  th e  one f e l s p a r  t r a c h y te s  and com endites 

a r e  members o f  th e  s a n id in e  -  a n o r th o c ia s e  s e r i e s  ( T u t t l e ,  1 9 5 2 ), w ith  

much low er An th a n  th e  a n o r th o c la s e s  from  th e  two f e l s p a r  t r a c h y te s .
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M ost o f  th e  one f e l s p a r  t r a c h y te s  and com endites a r e  p o r p h y r i t i c ,  w ith  

p h e n o c ry s t l a t h s  o f  f e l s p a r  s e t  i n  a groundmass o f  sm a lle r  f e l s p a r  l a th s  

w ith  t r a c h y t i c  flo w  s tru c tu re *  T h ere  a re  few e x c e p tio n s  , com endioe > 

i s  f i n e  g ra in e d  th ro u g h o u t, and com endite 73—12 has an o r th o p h y r ic  t e x tu r e ,  

o e in g  made up o f  stumpy l a t h s  o f  f e l s p a r  w ith  a l i n e r  i n t e r s t i t i a l  q u a r tz  — 

f e l s p a r  m a tr ix . T hese l a t h s  a l l  show s ig n s  o f  s t r a i n  and p o s se s s  u n e u lo se  

e x t in c t i o n ,  and have many c ra c k s  a c ro s s  th e  l a t h s ,  in d ic a t in g  th e  in t r u s i o n  

o f  t h i s  com endite  a s  a c r y s t a l  ‘mush1.

U pton (1964) has n o te d  th a t  th e  rhom boidal f e l s p a r s  (p re s e n t  in  some 

v o lc a n ic  p ro v in c e s  a s  rhomb—p o r p h y r ie s , and in  th e  Nandewar p ro v in c e  i n  

some o f  th e  two f e l s p a r  t r a c h y te s )  w ith  (1 1 0 ) , (1 1 0 ) ,(2 1 0 )  form s become 

p r o g r e s s iv e ly  m o d ified  i n  d i f f e r e n t i a t i n g  magmas w ith  th e  ap pea rance  o f  

(010) f a c e s ,  a l th o u g h  in  th e  a c id  s e r i e s  in  th e  T u g tu to q  ro c k s  in  b a s t  

G -reenland, th e  (001) form  a ch iev es  equal p rom inence, le a d in g  to  r e c ta n g u la r  

r a t h e r  th a n  ta b u la r  c r y s t a l s  (U pton , 19 6 4 ).

I n  th e  Nandewar one f e l s p a r  t r a c h y te s  and com endites th e  developm ent 

o f  ta b u la r  form  p a r a l l e l  to  (010) in  th e  f e l s p a r s  p re d o m in a te s , b u t in  some 

p h e n o c ry s ts  th e  uevelopm ent o f  th e  (OOl) form  does g iv e  th e  c r y s t a l s  a 

r e c ta n g u la r  a s p e c t .

M ackenzie (1952) and Sm ith  and M ackenzie (1958) have s tu d ie d  th e  

te n p e r a tu r e  o f  th e  m o n o c lin ic  -  t r i c l i n i c  in v e r s io n  in  th e  s o d a - r ic h  f e l s 

p a r s .  F or th e  s a n id in e -a n o r th o c la s e  f e l s p a r s  a t  p r e s e n t  u nder c o n s id e ra t

io n ,  w ith  an ap p ro x im ate  co m p o sitio n  ( s u b ra c t in g  An) o f  from  Abg,-0r to

Ab .O r,*  (T ab le  2 4  ) ,  th e  m o n o c lin ic  -  t r i c l i n i c  in v e rs io n  te m p e ra tu re  
60 40

i s  200°G o r  l e s s .  C om positions from  ap p ro x im a te ly  A b^^O r^  to  0 r^ . ^ a re  

m o n o c lin ic  (S m ith  and M ackenzie, 1958) , and th e  ran g e  o f  co m p o sitio n  o f  th e  

f e l s p a r s  from  th e  Nandewar one f e l s p a r  t r a c h y te s  and th e  com end ites in d i c a te s
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t h a t  th e y  'would be e i th e r  m o n o c lin ic  o r  v e ry  c lo s e  to  mono c l i n i c .  T here 

i s  th u s  no m o n o c lin ic  -  t r i c l i n i c  in v e rs io n  f o r  th e  m o n o c lin ic  f e l s p a r s ,  

end f o r  th e  f e l s p a r s  w hich c lo s e ly  ap p ro ach  mo no c l i n i c  sym m etry, th e  in v e r s 

io n  p ro d u ces  l i t t l e  change in  c e l l  d im e n s io n s , so no c ro s s -h a tc h e d  tw in n in g  

i s  p ro duced . The m c n o c lin ic  c r y s t a l s  a re  i n t i a l l y  p r e c i p i t a t e d  a s  m o n o c lin ic  

s o d a - s a n id in e s , and rem ain  so on c o o lin g .

The s a n id in e -a n o r th o c la s e  f e l s p a r s  from  th e  one f e l s p a r  t r a c h y te s  and 

com end ites g e n e r a l ly  p o sse ss  o n ly  c a r ls b a d  tw in n in g  in  b o th  p h e n o c ry s ts  and 

groundm ass c r y s t a l s .  I n  some o f  th e  p h e n o c ry s ts  th e  com position  p la n e  o f  

th e  c a r ls o a d  tw in s  te n d s  to  be r a t h e r  i r r e g u l a r ,  and some baveno tw in n in g  

h as  oeen d e te c te d ,  e s p e c ia l ly  in  th o s e  f e l s p a r s  p o s se s s in g  r e c ta n g u la r  o u t

l i n e s  bounded by (001) and (OIO) f a c e s .

Some o f  th e  f e l s p a r  p h e n o c ry s ts  have s l i g h t l y  b lo tc h y  e x t in c t io n ,  

i n d i c a t in g  e x s o lu t io n  o f  Ab r i c h  p h a se s  from  Or r i c h  p h a se s . The so lv u s  

f o r  th e  co m p o sitio n  o f  th e se  f e l s p a r s  (Ab^^Or ) l i e s  in  th e  ra n g e  5 5 0 °  to

630°G (Sm ith  and k a c k e n z ie ,  1938)* The ao sen ce  o f  marked e x s o lu t io n  i s  

no doubt due to  th e  extrem e r a p i d i t y  o f  c o o lin g  o f  th e s e  magmas, and 

p e rh a p s  a lso  to  r e l a t i v e l y  anhydrous env ironm en ts .

The r e f r a c t i v e  in d ic e s  o f  th e s e  f e l s p a r s  a re  somewhat low er th a n  th o s e  

f o r  th e  a n o r th o c la s e s  from  th e  two f e l s p a r  t r a c h y te s  (T a b le s  2 0  and 2 2  ) .  

The av e ra g e  r e f r a c t i v e  in d ic e s  a re !  a = 1 .5 2 6 -1 .3 2 7 , ß = 1 .5 3 0 -1 .5  33 ,

Y = 1 . 533-1»533 (com pared to  th e  a v e ra g e  r e f r a c t i v e  in d ic e s  from th e  a n o r th 

o c la s e s  in  th e  two f e l s p a r  t r a c h y te s ,  a = 1.529* ß = 1 .535* Y = 1 »540).

The sm a lle r  c o n te n t o f  An in  th e  s a n id in e  -  a n o r th o c la s e s  p roduces th e  

low er r e f r a c t i v e  i n d i c e s .
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S t r u c t u r a l  and Therm al s t a t e :

I t  was s t a t e d  e a r l i e r  t h a t  i f  th e  co m p o sitio n  o f  an a l k a l i  f e l s p a r  was 

known, th e  s t r u c t u r a l  and th e rm a l s t a t e  co u ld  be deduced from  th e  g raph  o f  

T u t t l e  (1952 , F ig . 1 ) .

The 2V o f  s e le c te d  f e l s p a r s  has been m easured w ith  a L e i t s  4- a x is  

u n iv e r s a l  s t a  e , u s in g  sodium  l i g h t ,  by o r th o s c o p ic  and cono sco p ic  m ethods.

I n  g e n e ra l ,  o n ly  th e  2V v a lu e s  f o r  th e  p h e n o c ry s ts  cou ld  be m easured . The 

com p o sitio n  o f  th e s e  p h e n o c ry s ts  has been ta k e n  a s  th e  most c a l c i c  o f  th e  

ch e m ic a lly  a n a ly se d  f e l s p a r  f r a c t i o n s  (red u ced  to  A b-C r, by s u b t r a c t in g  An) 

w here an a n a ly s i s  i s  a v a i l a o l e ,  o r  from  m easurem ents. S e v e ra l v a lu e s  o f  2V 

w ere m easured on th e  p h e n o c ry s ts  from  each  ro c k ,  and a maximum v a r i a t i o n  w ith 

in  th e  one c r y s t a l  o f  14° in  2V has been  found .

Le h a i t r e  (1962) has n o te d  a s im i la r  f e a tu r e  from  th e  f e l s p a r s  i n  th e  

dough I s l a n d  ro c k s ,  and T u t t l e  and L e i th  (1934-) i n  a s tu d y  o f  f e l s p a r s  from  

th e  B einn  an D ubhaich g r a n i t e  f in d  v a r i a t i o n  from  10° to  13° in  2V q u i te  

common in  f e l s p a r s  from  one ro c k . T u t t l e  and K e ith  assume th a t  th e  v a r i a t 

io n  i s  due to  t r a n s i t i o n a l  s t r u c t u r a l  s t a t e s ,  th e  co m p o sitio n  o f  th e  f e l s p a r  

w ith in  any one ro c k  Deing c o n s ta n t .  Le h a i t r e  (1962) assumes, t h a t  a s im i la r  

s i t u a t i o n  e x i s t s  in  th e  f e l s p a r s  from  Gough I s l a n d ,  b u t i s  d o u b tfu l w hether 

a l l  v a r i a t io n  in  2V i s  due to  t r a n s i t i o n a l  s t r u c t u r a l  s t a t e s ,  and some o f  

th e  v a r i a t io n  i s  a s c r ib e d  to  co m p o s itio n a l d i f f e r e n c e s .  I t  sh o u ld  be  n o te d  

t h a t  th e  cu rve o f  T u t t l e  (1932, F ig . 1) showing th e  v a r i a t i o n  in  2Y o f  th e  

s a n id in e -a n o r th o c la s e  s e r i e s  i s  re a s o n a b ly  f l a t  ( c o n s ta n t)  in  th e  r e g io n  o f 

co m p o sitio n  o f  th e  Nandewar a l k a l i  f e l s p a r s  ( a t  from  ap p ro x im ate ly  

A b ^ O r to  A bg(jO r^) > and ‘th a t  f o r  a 10 p e r  c e n t v a r i a t i o n  in  Or c o n te n t 

(fro m  0r_^ to  C r ^ )  , th e  2V o f  th e  f e l s p a r  s e r i e s  changes by o n ly  3 -4 ° .



T h e re fo re  m ost, i f  n o t a l l ,  o f  th e  v a r i a t i o n  in  2V in  th e  Nandewar 

v o lc a n ic  f e l s p a r s  i s  due to  d i f f e r e n c e s  in  s t r u c t u r a l  s t a t e .  A ll  th e  2V 

m easurem ents in d i c a te  t h a t  th e  o p t i c  a x ia l  p la n e  i s  ap p ro x im a te ly  perpend

i c u la r  to  (O iO )', th u s  th e  f e l s p a r s  a r e  c lo s e  to  th e  s a n id in e -a n o r th o c la s e  

s e r i e s  o f  T u t t l e  (1952 ).

The v a lu e s  o f  2V a re  p l o t t e d  a g a in s t  th e  co m p o sitio n  in  te rm s o f  Ab 

and Or in  F ig .  6  , w hich i s  drawn a f t e r  T u t t l e  (1952* F ig . 1 ) .  The d i f f 

e re n t  a l k a l i  f e l s p a r  s e r i e s  o f  T u t t l e  have been  in s e r t e d  in  th e  d iag ram , 

and a i l  th e  Nandewar f e l s p a r s  s tu d ie d  p o s se ss  t r a n s i t i o n a l  s t r u c t u r a l  s t a t e s  

betw een th e  s a n id in e -a n o r th o c la s e  and low a l b i t e - o r t h o c l a s e  s e r i e s ,  b u t a re  

much c lo s e r  to  th e  s a n id in e -a n o r th o c la s e  s e r i e s ,  b e in g  j u s t  on th e  low tem 

p e ra tu r e  s id e  o f  t h a t  s e r i e s .  The r e l a t i v e l y  sm a ll ran g e  o f  com position  o f  

th e  f e l s p a r s  i s  to  be e x p e c te d , s in c e  th e y  ap p ro ach  th e  minimum m e ltin g

com position  Ab__Or_r .
Op 3b

I n  an a n o r th o c la s e  p h e n o c ry s t from  a two f e l s p a r  t r a c h y te  (22) , th e  2V 

v a r ie s  from  62° a t  th e  c o re ,  to  48° a t  th e  m argin . P a r t  o f  t h i s  v a r i a t i o n  

i s  due to  co m p o sitio n a l d i f f e r e n c e s  i n  zoning  o f  th e  f e l s p a r  (b u t a s  m entioned 

D efo re , t h i s  co u ld  o n ly  accoun t f o r  a sm all p a r t  o f  th e  2V v a r i a t i o n ) ,  and 

th e  main v a r i a t io n  i s  due to  d i f f e r e n c e s  in  s t r u c t u r a l  s t a t e .  I t  i s  i n t e r 

e s t in g  to  n o te ,  t h e r e f o r e ,  th a t  th e  c o re  has o p t i c s  in d ic a t in g  th a t  i t  i s  

c lo s e r  to  th e  low te m p e ra tu re  low a l b i t e - o r t h o c l a s e  s e r i e s  th a n  th e  m arg in , 

w hich i s  c lo se  to  th e  s a n id in e -a n o r th o c la s e  s e r i e s  in  s t r u c t u r a l  s t a t e .  I t  

would appear t h a t  th e  p h e n o c ry s t began  c r y s t a l l i s a t i o n  in  an i n t r a t e l l u r i c  

env ironm en t, and had p a r t l y  in v e r te d  to  a low te m p e ra tu re  s t a t e  b e fo re  ex

t r u s io n .  Upon e x t r u s io n ,  th e  te m p e ra tu re  was s u f f i c i e n t l y  h ig h  to  cause 

f e l s p a r s  to  c r y s t a l l i s e  i n  h ig h e r  te m p e ra tu re  fo rm s . I t  i s  a ls o  s i g n i f i c a n t  

t h a t  any e x s o lu t io n  seen  in  th e  f e l s p a r  p h e n o c ry s ts  i s  r e s t r i c t e d  to  th e
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R e la t io n  b e tw een  o p t i c  a x i a l  a n g le s  and s t r u c t u r a l  s t a t e s  and c o m p o s itio n  o f  a l k a l i  f e l s p a r s  
Graph a f t e r  T u t t l e  and  Bowen (1958) and  T u t t l e  (1952)«



c o re s  o f  th e  c r y s t a l s ,  w h ile  th e  m arg in s c o n s is t  o f  q u i te  homogeneous 

a l k a l i  f e l s p a r .

Chem ical a n a ly se s  o f  a lK a l i  f e l s p a r s :

S e v e ra l f e l s p a r  f r a c t i o n s  w ere s e p a ra te d  ( s e e  above) from  each o f  th e  

fo llo w in g  rocks*

KG- two f e l s p a r  t r a c h y te

2 4 , G0V4 one f e l s p a r  pyroxene -  am phibole -  c o s s jn r ite  t r a c h y te s  

7 > -5 , 73-12 com end ites

The specim en num bers, ro c k  ty p e s  and l o c a l i t i e s  a r e  s e t  o u t i n  T ab le  

2 8  „ The a n a ly s e s  ( f o r  S iO ^, A l^O ^, Fe^O^., CaO, Na^O and h^O) a r e  s e t  

o u t i n  T ab le s  2 3  and 2 4 .  The ' t o t a l  f e l s p a r  com ponent' i n d i c a t e s  th a t  

F e ?0^ has been  s u b t r a c te d  from  th e  t o t a l  ( a l l  th e  i r o n  i s  s t a t e d  a s  Fe^O^, 

a s  FeO has n o t been  d e te rm in e d ) . The p e rc e n ta g e s  by w eigh t o f  Q, o r ,  a b , an^ 

and  o r ,  a b , an r e s p e c t iv e ly  a r e  a ls o  s e t  o u t i n  T a b le s  2 3  and 2 4  , 

to g e th e r  w ith  p e r  c e n t o r  d e te rm in e d  by th e  X -ray  201 method.

I t  has p r e v io u s ly  been  n o te d  t h a t  th e  f e l s p a r  f r a c t i o n .w i t h  S .G . 

g r e a t e r  th a n  2 .6 3  from  v a r io u s  ro c k s  c o n ta in s  q u a r tz  ( s e e  T a b le s 2 3  and 

2 4  , w here 73-5 AF 3 and 73-12 AF 3 c o n ta in  80 .43  P e r  c e n t and 8 8 .0 4  p e r  

c e n t S i0 o , r e s p e c t iv e l y ) .  I t  can f u r t h e r  be  seen  t h a t  a l l  th e  f e l s p a r  f r a c 

t i o n s  c o n ta in  q u a r tz  i n  v a ry in g  am ounts.

The p ro c e d u re  a d o p ted  in  c a l c u la t in g  th e  f e l s p a r s  was a s  fo llo w s : to

th e  m o le c u la r  amounts o f  G a, N a, and K , an  eq u a l m o lecu la r  amount o f  A l^cu

i s  added , p lu s  tw ic e  th e  m o le c u la r  amount o f  SiOg ( to  th e  Ga f o r  An) o r  s i x  

tim es  th e  m o le c u la r  amount o f  SiO^ ( to  Na and K f o r  Ab and O r) . Any ex cess  

SiCg was c a lc u la te d  a s  q u a r tz .  No a t t e n p t  has been  made to  c a l c u la te  s t r u c 

t u r a l  fo rm u la e , b ecau se  o f  th e  ex cess  q u a r tz  and th e  p re s e n c e  o f  o th e r
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TABLE 2 3

CHEMICAL COMPOSITION OF FELSPAR TRACTIONS FROM ANALYSED 

TRACHYTES IN  THE NANDEvYARS.

ANALYST MmJ • ABBOTT.

AF 1
KG

AF 2 AF 3 AF 1
73-5

AF 2 AF 3

SiOg 6 8 .3 2 6 7 .0 4 6 6 .4 4 6 5 .7 5 6 6 .5 9 8 0 .4 3

A12°3
1 7 .2 1 18 .1 6 1 8 .7 1 1 9 .6 5 1 9 .22 11 .2 8

P e2 °3 0 .4 5 0 .4 3 0 .4 8 0 .5 3 0 .4 5 0 .2 8

CaO 0 .6 5 0 .8 2 1 .5 9 0 .^ 4 0 .6 6 0 .4 7

N a O 5-88 6 .5 8 6 .8 8 6 .1 6 6 .9 5 4 .0 3

KgO 6 .5 5 6 .7 4 5 -6 9 6 .6 7 6 .4 6 3 .5 1

T o ta l 99-06 99 -7 7 99.79 99-20 1 0 0 .3 3 100 .0 0

T o t a l
f e l s p a r 98 .61 99 .34 9 9 .3 1 9 8 .6 7 99-88 9 9 .7 2
com ponent

Q 7 .66 1 .2 1 1 .5 6 3 A 3 4 2 .5 6

o r 38 .71 39.83 3 3 .63 39.45 38.18 2 0 .7 4

ab 4 9 .7 6 55-68 5 7 .7 5 52 .13 5 8 .8 4 34.09

an 3-23 4 .0 7 7 .8 9 2 .1 8 3 -2 7 2 -3 3

o r 4 2 .2 4 0 .0 33-9 4 2 .1 3 8 .1 36-3

ab 5 ^ -3 55 -9 5 8 .2 55-6 5 8 .7 59-6

an 5-5 4 .1 7 .9 2 .3 3 -2 4 .1

o r  (X -ra y )  4 3 .0 37-5 35-0 3 7 .2 38.0

KG AF i :
KG AF 2*
KG AF 3 j

73-3  AF l :  
7 3 -5  AF 2 : 
7 3 -5  AF 3*

From r o c k  KG
A l k a l i  f e l s p a r  f r a c t i o n  w i th  S .G . l e s s  th a n  2 .5 5 -  
A l k a l i  f e l s p a r  f r a c t i o n  w ith  S .G . b e tw een  2*53 and  2 -58 -
A l k a l i  f e l s p a r  f r a c t i o n  w i th  S .G . b e tw e en  2 .58  an d  2 . 6 3 .

From  r o c k  73 -5
A l k a l i  f e l s p a r  f r a c t i o n  w i th  S .G . l e s s  t h a n  2 .5 8 .
A l k a l i  f e l s p a r  f r a c t i o n  w i th  S .G . b e tw een  2 .5 8  and  2 .63»
A lk a l i  f e l s p a r  f r a c t i o n  w i th  S .G . b e tw e en  2 .6 3  and  2 .6 5 -



TABLE 2 4

137

CHERIGAL COMPOSITION OF FELSPAR ABACTIONS 3M)iv, ANALYSED 

TRACHYTES IN  THS NANDEY.iiRS.

ANALYST k . J .  ABBOTT.

AP 1
7 3 -1 2  
AP 2 AP 3

24
AP 1 AP 2

GOV4 
AP 1 AP 2

S i0 2 7 0 .4 0 6 8 .1 6 8 8 .0 4 6 7 .2 8 6 7 .5 9 6 9 .0 7 7 1 .0 4

A12°3
1 6 .8 3 1 8 .4 7 6 .8 9 1 8 .3 3 1 8 .9 6 1 6 .2 2 1 5 .8 4

F e 2°3
0 .7 9 0 .6 3 0 .3 3 0 .9 4 0 .9 4 1 .1 5 1 .2 6

CaO 0 .0 6 0 .1 2 0 .0 3 0 .1 6 0 .2 3 0 .1 1 0 .1 8

Na 0 7 .7 7 7 .7 1 2 .9 7 6 .5 3 7 .0 7 6 .3 8 5 .9 0

K2° 5 .1 3 5 .4 8 2 .0 5 6 .4 0 6 .1 6 6 .O3 5 .7 0

T o ta l 1 0 0 .9 8 1 0 0 .5 ? 100.31 9 9 .6 4 1 0 0 .9 5 98 .96 9 9 .9 2

T o ta l  f e l -
s p a r  com- 
p o n e n t

1 0 0 .1 9 99 .94 99.98 9 8 .7 0 1 0 0 .0 1 9 7 .8 1 9 8 .8 6

Q 1 0 .8 9 2 .85 6 3 .3 3 4 .3 4 2 .4 0 8 .6 4 1 4 .5 2

o r 3 0 .3 2 32 .39 1 2 .1 2 37.82 3 6 .4 0 3 5 .6 4 3 3 .3 9

ab 3 8 .0 1 6 4 .5 0 2 4 .4 4 55-26 5 9 .83 5 3 .9 9 4 9 .9 3

an 0 .3 0 0 .6 0 0 .1 5 0 .7 9 1 .1 4 0 .5 5 0 .8 9

o r 3 4 .2 3 3 .2 3 3 .0 4 0 .3 37 .4 3 9 .5 3 9 .9

ab 6 5 .5 6 6 .2 6 6 .6 58 .9 6 1 .4 5 9 .9 59 .1

an 0 .3 0 .6 0 .4 0 .8 1 .2 0 .6 1 .0

o r  (X -ray ) 3 4 .5 3 2 .5 3 8 .1 38.0 3 9 .0 39 .5

Prom ro c k  7 3 -12
7 3 -1 2  AF I I  A l k a l i  f e l s p a r  f r a c t i o n  w ith  S.G-. l e s s  th a n  2 .5 8 .
7 3 -1 2  AP 2: A l k a l i  f e l s p a r  f r a c t i o n  w i th  S.G-. b e tw e e n  2 .3 8  and  2 . 6 3 .
7 3 -1 2  AP 3 : A l k a l i  f e l s p a r  f r a c t i o n  w i th  S.G-. g r e a t e r  th a n  2.63*

Prom r o c k  24
24 AP 1 : A l k a l i  f e l s p a r  f r a c t i o n  w ith  S.G-. l e s s  th a n  2 . 58 .
24 AP 21 A l k a l i  f e l s p a r  f r a c t i o n  w i th  S.G-* b e tw e en  2*58 and  2 .63*

Prom r o c k  GOV4
G-0V4 AP I s  A l k a l i  f e l s p a r  f r a c t i o n  w i th  S.G-. l e s s  th a n  2 . 38 .
GCV4 AP 2 : A lk a l i  f e l s p a r  f r a c t i o n  w i th  S .G . b e tw een  2 .5 8  and 2 .63»
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impurities. Some calculations were made, however, to gauge the extent to
wi-ich Fe 0 entered the felspar formula. It was found that for 24 AF 1 and 2 3

3+24 AF 2 no Fe enters the felspar, and there is a molecular excess of Al of 
0.004 and 0.002, respectively* for G0V4 AF 1 and GQV4 AF 2 oalance to the 
formula was achieved by adding all the Fe^+ to the Al’, for KG AF 1, KG AF 2, 

and KG AF 3 there was charge balance, 0.01 and 0.011 molecular excess of 
alkalies, respectively’, and for 73-12 AF 1, 73-12 AF 2, and 73-12 AF 3 "there 
is a molecular excess of 0.011 alkalies and charge balance for the other 

two fractions, respectively’, and for 73-5 AF 1, 73-5 AF 2, and 73-5 AF 3 
there is a molecular excess of Al of 0.014, 0.006, and charge balance, res

pectively. All the molecular units are expressed relative to 16.000 oxygens
according to the formulae (K,Na) (Al,Si_)_0,c and 0ao(AlnSio) -CM _.2 5 2 -Lb 2 2 2 2 ib

Deer, Howie and Zussman (1963> vol. 4, Table 7) record departures of 
up to 0.06 formula units from the ideal (Al,Si)g and up to 0.07 formula 
units form the ideal (K,Na) ̂  in anorthoclases analysed by various workers.
The departures from the ideal formulae for the Nandewar alxali felspars are 
all thus well within these limits.

Since the felspar fractions analysed are not pure, no comment can be
made on the suggestion of Ohayes and Zies (1962) that there is a possibility
of a systematic departure from the assumed ratio 1:1:6 in ROiR^Q ,.?3i0.̂  in
alkali felspars, and like Carmichael and Mackenzie (1964) the present author
will assume that the ltlS6 ratio is adhered to.

3+The question of whether Fe enters the felspar structure cannot definit el 

be decided from the data for the Nandewar alkali felspars. Chayes and Zies 

(1962) attribute the buff colour obtained by heating the felspars in air at
O - Xj.about 85O C to the presence of Fe" proxying for Al in the structure. Many



o f  th e  Nandewar a l k a l i  f e l s p a r  f r a c t i o n s ,  when h e a te d  in  a i r  a t  ab o u t 930°G

3+f o r  X -ray  s tu d y , tooK on a b u f f  t i n t .  I t  i s  th e r e f o r e  assumed th a t  Fe

does e n te r  th e  Nandewar a l k a l i  f e l s p a r s .  D e e r, Kowie and Zussman (1963?

3+v o l .  4) f in d  th a t  F eJ in  a n o r th o c ia s e s  can re a c h  up to  0 .4 0  p e r  c e n t ( a s  Fe,
C

0 ) even in  g la s s  c l e a r  c r y s t a l s ,  and th a t  i t  r e p la c e s  A l.

The o r ,  a o , and an p e rc e n ta g e s  by w eigh t w ere c a l c u la te d  by s u b t r a c t 

in g  Q and r e c a lc u la t in g  to  100 p e r  c e n t : th e s e  v a lu e s  have been  p l o t t e d  

in  F ig .  7

The X -ray  v a lu e s  f o r  th e  w eigh t p e r  c e n t o r  ag ree  q u i te  w e ll w ith  th e  

chem ical v a lu e s  (T ab les  2 3  and 2 4  ) , and no s y s te m a tic  e r r o r  betw een 

th e  two s e t s  o f  d e te rm in a tio n s  has been  fo u n d , c o n tra ry  to  th e  r e s u l t s  o f  

Ohayes and Z ie s  (1962 ). The sm a ll amount o f  An in  each f e l s p a r  does n o t 

a f f e c t  th e  X -ray  201 d e te rm in a tio n s  (C arm ichael and M ackenzie , 1 9 6 4 ).

A part from  th e  N a, which was d e te rm in ed  by flam e p h o to m e te r , a l l  th e  

o x id e s  have been  d e te rm in ed  by X -ray  f lu o re s c e n c e ,  and in  some c a se s  th e  

t o t a l s  a r e  o u ts id e  th e  100 .5  -  99*5 p e r  cen t l i m i t .  The v a r i a t i o n  i n  th e  

t o t a l s  i s  from  99*0 -  101 .0  p e r  c e n t .  C arm ichael and LacK enzie (1964) 

b e l ie v e  th a t  f o r  p u re  f e l s p a r s ,  i t  i s  o n ly  n e c e s s a ry  to  d e te rm in e  CaQ,

Na^O, and K,jO ( a ls o  BaO and SrO w here p re s e n t  i n  s i g n i f i c a n t  amounts)*, and 

f u r th e r  th a t  th e  r e c a lc u la te d  f e l s p a r  co m p o sitio n  th e n  sho u ld  be i n  th e  

ra n g e  o f  from  98*0 to  102 .0  p e r  c e n t in  a re a s o n a b ly  good a n a ly s i s .  The 

p r e s e n t  a u th o r  b e l ie v e s  i t  i s  w ise  to  d e te rm in e  th e  SiO and A190 a s  w e ll ,  

p a r t i c u l a r l y  when even a p p a re n tly  p u re  sam ples o f  f e l s p a r  have e x c e ss  SiO^ 

(Chayes and Z ie s ,  1 9 6 2 ), e x i s t in g  w ith in  th e  f e l s p a r  a s  m ic ro sco p ic  and 

su b -m ic ro sco p ic  f i lm s  and ß le b s  o f  q u a r tz .

T rends o f  f e l s p a r  c r y s t a l l i s a t i o n :

139

The th e o r e t i c a l  a s p e c ts  o f  f e l s p a r  c r y s t a l l i s a t i o n  in  th e  te rn a r y
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system CaAlJSi_0o - NaAlSi_0o - KAlSi_G0 have been considered in recent 2 2 o 3 0 3 b
publications! Tuttle and Bowen, 1958? Turner and Verhoogen, I960}
Stewart and Roseuoom, 1962*, and Carmichael, 1963j and the crystallisation

in the quaternary system CaAloSio0Q - NaAlSi70D - KAlSi70o - SiOn has also2 2 o 3 b 3 b 2

been considered by Carmichael, 1963-
Data for crystallisationof felspars in natural rocks has been presented 

by many workers, and some of the recent work has been that of Oftedahl 

(1948), Carmichael (1960b, 1963)? Muir and Tilley (1961), Le kaitre (196 2), 
and Upton (1964).

The relationships in the system CaAl^Si^Og - NaAlSi^Og - KAlSi^Og 
have been projected onto the An-Ab-Or plane (Fig. 7 )• Solid solution
in this ternary system is essentially limited to the binary pairs An-Ab and 
Ao-Or, and the extent of ternary solid solution between An, Ab, and Or is 
temperature dependent. Tuttle and Bo wen (op. cit. , p. I32, Fig. 64) show 
a greater amount of ternary solid solution than Turner and Verhoogen (I960, 

p. 112, Fig. 11). Carmichael (1960b) also shows a rather more restricted 
field of ternary solid solution than Tuttle and Bowen. The discrepancy 
between the fields of solid solution as shown by Tuttle and Bowen (1938) 
and Turner and Verhoogen (i960) can be resolved, according to Turner and 
Verhoogen (op. cit., p. 116) ” .... if allowance is made for the appearance 
of such minerals is biotite, hornblende, sphene, fluorite, and carbonates 

in the modes of the rocks concerned.M

If the normative composition of the magma (in terms of An, Ab, and Or) 

lies in the field extending from the An-Or join towards the Ab apex, then 

two felspars, an An + Ab rich and an Or rich, will crystallise, and this 

field is thus known as the two felspar field. This two felspar field is 

caused by the intersection of the solvus with the solidus in the ternary



Plag.
Fheno

Field boundary

Figure 7

Compositions of analysed felspars from the trachytes and comendites, together with optical determinatioi 
on plagioclases. Limit of solid solution of Tuttle and Bowen (1958) shown as solid linej suggested 
limit (see text) shown dashed. Boundaries 0f piagioclase, anorthoclase, and sanidine fields of
composition shown dotted.
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system  (C a rm ic h a e l, 19 6 3 ). I n  th e  o th e r  f i e l d  c lo s e  to  th e  An-Ab and Ab-Or 

jo i n s  o n ly  one f e l s p a r  c r y s t a l l i s e s ,  and th e  f i e l d  i s  known a s  th e  one 

f e l s p a r  f i e l d .

The e x te n t o f  - te rn a ry  s o l id  s o lu t io n  b e in g  a te m p e ra tu re  dependen t 

p r o p e r ty ,  T u t t l e  and  Bowen have p ro d u ced  a d iagram  show ing t h i s  v a ry in g  

e x te n t  o f  s o l i d  s o lu t i o n  betw een An, Ab, and O r, and i t s  f a l l  w ith  te m p e ra tu re  

r e d u c t io n  (o p . c i t . , P ig .  6 6 ) .  T u t t l e  and Bowen (o p . c i t . )  f u r th e r  s t a t e  

t h a t  s i l i c a ,  n e p h e l in e ,  and w ate r a r e  th e  p r in c ip a l  c a u se s  o f  te m p e ra tu re  

lo w e rin g  i n  s a l i c  r o c k s ,  and hence more l im i t e d  te r n a r y  s o l id  s o lu t io n  i n  

th e  f e l s p a r s .

A p l o t  o f  th e  n o rm a tiv e  f e l s p a r  com ponents An, Ab and  Or f o r  th e  

Nandewar ro c k s  (P ig . 8  ) shows th a t  f o r  th e  b a s a l t i c  and t r a c h y a n d e s i t i c

ro c k s  w ith  p la g io c la s e  a s  a s ig n i f i c a n t  n o rm a tiv e  com ponent, th e  e x te n t  o f  

te rn a r y  s o l i d  s o lu t io n  i n  th e  f e l s p a r s  ap p ro x im ate s  t h a t  shown by T u t t l e  

and Bowen (1 9 5 8 , P ig .  64) , b u t when th e  f e l s p a r s  ap p ro ach  th e  minimum m e lt

in g  co m p o sitio n  on th e  Ab-Or j o i n ,  th e  e x te n t  o f  t e r n a r y  s o l i d  s o lu t io n  i s  

much s m a lle r  (fro m  th e  c o m p o sitio n  o f  th e  a l k a l i  f e l s p a r  f r a c t i o n s ,  P ig  7  )» 

and th e  t e r n a r y  s o l i d  s o lu t io n  cu rv e  ap p ro x im ate s  th a t  shown by T u rner and 

Verhoogen ( i9 6 0 ,  P ig .  11) and C arm ichael (1 9 6 0 b ). T h is  f a l l i n g  e x te n t  o f  

te rn a ry  s o l i d  s o lu t io n  i n  th e  f e l s p a r s  i s  due to  f a l l i n g  te m p e ra tu re  w ith  

d i f f e r e n t i a t i o n .  The cu rv e  show ing th e  assum ed l i m i t  o f  t e r n a r y  s o l i d  s o l 

u t io n  i n  th e  f e l s p a r s  i n  th e  system  A n-A b-0r f o r  th e  Nandewar a lk a l in e  ro c k s  

i s  shown i n  P ig .  8  •

The c o u rse  o f  f e l s p a r  f r a c t i o n a t i o n  has b een  t r a c e d  i n  th e  Nandewar 

a l k a l in e  ro c k s  i n  P ig .  7  .

I n  th e  'b i g  f e l s p a r '  b a s a l t s  and th e  o l i v in e  b a s a l t s ,  th e  f i r s t
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Figure 8

Bulk normative felspars of analysed rocks. Permian calc-alkaline andesites, triangles, contact 
teschenite, large circle. Limits of solid solution as in Fig. 7« M is the minimum melting 
composition.
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crystallised plagioclases (the cores of the phenocrysts) have compositions 

ranging from A n _  to A n ^ , and by reaction with the magma, which becomes 

richer in the Ab component by the removal of calcic plagioclase, the crystals 

form zones progressively enriched in Ab, the composition of the outer zones 

approaching An^.: These phenocrysts do not have appreciable amounts of

Or, and the oulk of the potash in the rocks (up to 10-15 per cent of the Or 

component in the An-Ab-Or system in the bulk normative compositions, Fig. 8 ) 

occurs in the groundmass plagioclases, which have a composition of An^.

In the trachyandesites, the bulk normative composition of the rocks 

in the system An-Ab-Or (Fig. 8 ) show that these felspars are much richer 

in potash. Rare plagioclase microphenocrysts, where they occur, have com

positions ranging from A n ^  to An^, and the groundmass plagioclases, which 

make up the bulk of the rock, range from An^_ to An . A measurement of 

201 X-ray peaks in the felspars from the trachyandesite 10 gives an Or content 

of 11 per cent, and, as mentioned before, the bulk normative felspar compon

ents in the trachyandesites 8a and 15 (which are rather similar to those 

from the mugearites of Muir and Tilley, 1961» Fig. 6) show that these plag

ioclases must have much more Or in solid solution, and calcic anorthoclase 

is undoubtedly present. The trends for the felspar crystallisation in 

these rocks are shown in Fig. 7 .

The felspar fractionation in the basalts and trachyandesites consists 

of the plagioclase becoming more sodic, with slight enrichment in potash to 

produce potash oligoclases. Since the bulk normative felspar components do 

not enter the two felspar field, only one felspar is precipated, although 

lack of equilibrium gives, by zoning, various members of the differentiation 

sequence in any one rock.

Rather rapid changes of felspar compositions then occur in the so-called
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two felspar trachytes. As explained before, these two felspar trachytes 

have not "been named in the sense of Carmichael (1963) j indeed the bulk 
normative felspar components never enter the two felspar field. Rather, due 
to the lack of attainment of equilibrium in these rocks, both piagioclase 
and alkali felspar are present in the trachytes although both are zoned.

Using the terminology of Carmichael (196 3), these felspars all belong to the 
single plagioclase-anorthoclase solid solution series.

In the trachyte KG a piagioclase of composition A n ^ A b ^  qp
accompanied by ancrthoclase with about 12 per cent An, and both these fels

pars are rimmed with alkali felspar. Chemical analyses of the felspar 
fractions from this rock reveal fractions with successive compositions

AneAb58Cir34’ An4Ab560r40’ ^  An3.5Ab54.3°r42.2 (Pig’ 7 b  The last f r a 0 ~  

tion is very close to the bulk normative felspar composition An,. ,Ab
• “ r 2  • Ö

Or ... In the anorthoclases, cross-hatched twinning is seen, a feature which 
is only detected in sodic anorthoclases (Smith and LacKenzie, 1958) > so 
that the composition of the anorthoclase phenocrysts must lie between that 
of the potash oligoclase and the chemically analysed fractions.

A nalysed felspar fractions from the comendite 73-5 show a range in 
composition of from An^Ab^Or^ through An^Ab_^Or^g to a final composition 
of An^Ab 0r^2 (Table 23 ) •

All the felspars so far discussed from the trachytes reveal enrichment 
in Or relative to Ab, with falling amounts of An. All the bulk felspar 
compositions lie within the one felspar field. When the liquids precipitat
ing the felspars reach the composition of the most differentiated felspars 

just discussed from the trachyte KG and the comendite 73-3, they reach the 

cotectic, or the boundary curve (Carmichael, 1963) which is the curve 

separating the fields of crystallisation of piagioclase and alkali felspar
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i n  th e  system  An-Ab-Or ( T u t t l e  and Bov»en, 1958)» S t r i c t l y  sp e a k in g , t h i s  

boundary  cu rv e  o n ly  s e p a ra te s  th e  f i e l d s  o f p la g io c la s e  and a l k a l i  f e l s p a r  

in  hyorous sy s te m s , a s  i n  anhydrous system s th e  boundary  cu rve  has q u i te  a 

d i f f e r e n t  o r i e n t a t i o n ,  and s e p a ra te s  f i e l d s  o f  l e u c i t e  and f e l s p a r s  (F ranco  

and S c h a i r e r ,  1956) , b u t th e  f i e l d  o f  l e u c i t e  c o n t r a c ts  r a p id l y  and soon 

d is a p p e a rs  w ith  in c re a s in g  p r e s s u r e  o f  w ate r (Bowen and T u t t l e ,  1 9 5 0 ). T h is 

boundary  cu rv e  p ro cee d s  from  th e  Or-An jo in  ( a t  a p p ro x im a te ly  O rggA rt^) 

tow ards th e  Ab-Or j o i n ,  ap p ro ac h in g  c lo s e r  to  th e  jo i n  and e v e n tu a lly  ending 

a t  ap p ro x im a te ly  x m  _G r^A n^. C arm ichael (1963) has em phasised th a t  t h i s  

ooundary cu rv e  does n o t re a c h  th e  ao -O r j o i n .

..hen th e  l i q u i d s  re a c h  th e  boundary  c u rv e , f e l s p a r s  p r e c i p i t a t e d  a re  

p r o g r e s s iv e ly  e n r ic h e d  in  Ab r e l a t i v e  to  O r, w ith  f a l l i n g  An, s in c e  th e  

boundary cu rve  i s  th e  lo c u s  o f  p o in t s  r e p re s e n t in g  l i q u i d s  e x i s t in g  a t  f a i l 

in g  te m p e ra tu re s  i n  moving from  th e  An-Or jo in  to w ard s  i t s  te rm in a t io n  n ea r

th e  a l k a l i  f e l s p a r  minimum a t  Ab^ -Or on th e  Or-Ab jo i n .
b_9 35

The a n a ly se d  f e l s p a r  f r a c t i o n s  from  th e  t r a c h y te s  24 and GCV4 and

from  th e  com endite 73-12 (T ab le  2 4  ) h e lp  to  d e f in e  t h i s  boundary cu rve

(F ig . 7  ) •  The two f e l s p a r  f r a c t i o n s  from  th e  t r a c h y te  24 may l i e  on

e i th e r  s id e  o f  t h i s  boundary  c u rv e , a l th o u g h  th e  co m p o sitio n s  a re  n o t m arkedly

d i f f e r e n t .  The f i n a l  f e l s p a r  co m p o sitio n s  a r e  r e p r e s e n te d  by th o s e  from  th e .

com endite 7 3 -1 2 , ana th e se  mark th e  end o f  th e  ooundary cu rve  in  th e

An-üD-Or sy s tem , and a re  a ls o  v e ry  c lo s e  to  th e  a l k a l i  f e l s p a r  minimum

Ab^_Gr__ on th e  Ab-Or jo in  (F ig .  7 ) .
b 5 3b

C arm ichael has s t a t e d  t h a t  i t  i s  in c o r r e c t  to  c o n s id e r  th e  f e l s p a r  

r e l a t i o n s h ip s  o f  n a tu r a l  a c id  l i q u i d s  s o le ly  i n  te rm s  o f  th e  f e l s p a r
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components, as the presence of quarts will have a great effect on the pos

ition of the alkali felspar minimum (1963, p. 103). Stewart and Roseboom 

(1962) however state that for compositions in the system Or-Ab-An-Qtz, 
the felspar relations in the An-Ab-0r system can be quite faithfully rep

resented by projection onto the felspar plane from the quartz-bearing system, 

but that for the liquids, projection will not represent the true relations, 

as the extra component will move the compositions outside the felspar plane 

into the An-Ab-Or-Qtz tetrahedron.

In the system Qtz-Or-Ab, a thermal valley extends from the alkali 

felspar minimum on the Ab-Or join to a point slightly to the Ao-Qtz join 

side of the ternary minimum on the quartz-felspar boundary curve (Tuttle 

and Bowen, 19.58? Carmichael, 1963). Carmichael and kacknezie (1963) have 

proposed that this valley is a unique fractionation curve, and that liquids 

whose conpositions lie close to this valley will, with perfect fractionation, 

move asymptotically towards the valley until they reach the quartz-felspar 

boundary, and further that no liquid can cross this valley or move out of 

it with fractionation.

The liquids moving down this thermal valley with falling temperature 

towards the quartz-felspar boundary will precipitate felspars with increas

ing Gr/Ab ratios as the amount of quartz increases and as the composition of 

the liquid moves away from a simple Ab-Or binary mixture (Tuttle and Bown,

1958).

These findings are borne out by a study of the Nandewar alkaline rocks. 

The bulk normative compositions of the rocks, in terms of Qtz, Ab, and Or, 

have been plotted in Fig. 9 (only those rocks with more than 80 per cent 

of the normative components Qtz, fo , and Or have been plotted). For those 

rocks with the greatest amounts of normative Qtz (100-6 , Mt. L, Mt. W, and



Quartz

Field boundary 500 kg/a

Felspars

Weight 70

Figure 9

Flot of trachyte and comendite compositions in terms of Qtz, Ab and Or, linked by tie lines to 
felspar compositions on the Ab-Or join. The quartz bearing rocks haie had the tie lines 
produced to the quartz-felspar boundary, to an assumed residual liquid (see text)# M is the 
minimum on the boundary surface at the water pressure shown (Tuttle and Bowen, 1958)»
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1 0 4 -E) , th e  f e l s p a r  co m p o sitio n s  a r e  more Or r i c h  th a n  th e  a l k a l i  f e l s p a r

mirrimum o f  Ab~r0 r  _ i n  th e  Ab-Gr sy stem . The c o m p o sitio n s  o f  th e  f e l s p a r s  
65 3o

o f  th e s e  ro c k s  (fro m  201 X -ray  m easurem en ts. T ab le  2 2  ) a r e :  Or -  1 0 0 -6 \

O r ^  -  l i t  L*, 0 r ;^  -  k t  W, and O r ^  -  104-E .

T ie  l i n e s  betw een th e  f e l s p a r s  ( p l o t t e d  on th e  Ab-Or jo in )  and th e

b u lk  n o rm a tiv e  co m p o sitio n s  o f  th e  ro c k s  i n  th e  sy stem  Qtz-Ab-Or have been

drawn i n  P ig . 9  • T hese t i e  l i n e s  have been  p roduced  i n  a  s t r a i g h t  l i n e

to  m eet th e  q u a r t z - f e l s p a r  boundary  f o r  th e  q u a r tz  b e a r in g  p o r p h y r i t i c  ro c k s

(7 3 -1 2 , l i t  L , 104—E , Mt W). The p o in t s  a t  which th e s e  t i e  l i n e s  m eet th e
2

q u a r tz - f e l s p a r  boundary  ( a t  500 kg/cm  w a te r  p re s s u re )  app rox im ate  th e  com

p o s i t i o n  o f  th e  r e s id u a l  l i q u i d s .  The t r e n d  o f  th e s e  t i e  l i n e s  r e v e a l  th e  

tr e n d  o f  th e  th e rm a l v a l le y  (C arm ich ae l and  i.iackjenzie, 1963) i n  th e  Q tz-Ab-Or 

sy s tem , and shows t h a t  i t  i n t e r s e c t s  th e  q u a r t z - f e l s p a r  boundary  on th e  

A b-Qtz jo in  s id e  o f  th e  te rn a r y  minimum on t h i s  boundary  (C a rm ich ae l, 1963)• 

The p o s i t i o n  o f  th e  th e rm a l v a l le y  f o r  th e  u n u su a l p e r a lk a l in e  p an - 

t e l l e r i t e s  and com end ites has been s tu d ie d  by C arm ichae l (1962) and Chayes 

and Z ie s  (1 9 6 2 ) , b o th  o f  whom c o n s id e re d  f e l s p a r  f r a c t i o n a t i o n  and r e s id u a l  

l i q u id s  i n  th e  Q tz-AD-0r sy s te m , and drew t i e  l i n e s  betw een th e  f e l s p a r s ,  

t o t a l  ro c k  c o m p o s itio n s , and r e s id u a l  l i q u i d s  i n  t h i s  sy stem . They found  

u n usual t r e n d s  f o r  th e  th e rm a l v a l le y  i n  p e r a lk a l in e  r o c k s ,  and C arm ichael 

and M ackenzie (1963) have p re s e n te d  e x p e rim e n ta l ev id en ce  on t h i s  p rob lem . 

The b a s is  upon which C arm ichae l and h acK en z ie  drew t h e i r  c o n c lu s io n s  has 

been  c r i t i c i s e d  by B a i le y  and S c h a ire r  (1964) and a ls o  by Chayes (1 9 6 4 ).

B r i e f l y ,  C arm ichael (1962) showed th a t  f o r  n a tu r a l  p a n t e l l e r i t e s  w ith  

a  m o lecu la r ex ce ss  o f  a l k a l i e s  o v e r a lu m in a , th e  th e rm a l v a l le y  i n  th e  

system  Q tz-A b-Or was s h i f t e d  to w ard s  th e  G r-Q tz s id e l in e  w ith  in c re a s in g
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peralkalinity ^op. cit., Pig. 6), thus giving the association of relatively 
sodic felspar phenocrysts with potash enriched liquids. Carmichael and 
kadvenzie (1963) showed that by adding progressively greater amounts of ac 
and ns to synthetic mixtures in the system Qtz-Ab-Or, the same shift in the 
thermal valley as observed by Carmichael (1962) for natural rocks, could be 
produced.

Bailey and Schairer (1964) have stressed that if ac and ns are added
to conposition in the system Qtz-Ao-Or, the compositions of the liquids
cannot oe projected onto the Qtz-Ao-Or plane. The normative calculation
used in constructing the liquid compositions in the system arbitrarily
assigns all the K 0 to Alo0_ to make felspar, and all the peralkalinity is 2 2 3
expressed in terms of ac and ns which are not plotted in the Qtz-Ab-Or 
system, and this distorts the actual relations present (Bailey and Schairer, 

1964).
C hay es (1964) has shown that for two pant ell er it es, the tie lines in

the system Qtz-Ab-Or between the alkali felspar phenocrysts and residual
liquids do have the trend postulated by Carmichael (1962) if the CTPN norm
conventions are adhered to, but if the Na^C and k 90, after an equal amount
of Nao0 is allotted to Fe 0_ to form ac, are then allotted without prefer- 2 2 3
ential partition to felspar, metasilicate, and chloride molecules, the trend 
of the thermal valley is radically changed, so that the residual liquids 

are actually impoverished in K 90 'with respect to the alkali felspar pheno
crysts (Chayes, 1964, Pig. 71) , a feature also noted by Bailey and Schairer 

(1964, Tables 1 and 2).

Although the trachytes and comendites in the Nandewars are peralkaline,

they are not strongly so (the maximum molecular ratio
Na20 + K20 

iil2°3
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i s  1 .1 4 )  , and u s in g  th e  GXP,, norm co n v e n tio n s  in  th e  c a l c u l a t i o n s ,  th e  

t i e  l i n e s  in  th e  Q ta-ao -O r system  betw een th e  b u lk  co m p o sitio n s  and a l k a l i  

f e l s p a r  p h e n o c ry s ts  show no p r e f e r e n t i a l  enrichm ent i n  e i t h e r  Na^O o r

G in  th e  l i q u i d s .  The r e s u l t s  f o r  th e  Nandewar p e r a ik a l in e  t r a c h y te s  and 

co m end ites  a g re e  v e ry  c lo s e ly  w ith  th o s e  o f  Chayes (1962) f o r  th e  com end ites 

from  Le Co mm ende and Le F o n ta n e , I s o l a  San P i e t r o ,  S a r d in i a ,  w hich a r e  a ls o  

iiiild ly  p e r a ik a l in e .  Chayes (o p . c i t . )  has c o n t ra s te d  th e s e  w ith  th e  t r e n d s  

f o r  s t r o n g ly  p e r a ik a l in e  p a n t e l l e r i t e s  from  F a n t e l l e r i a .

I t  w ould appear t h a t  f o r  a lk a l in e  s e r i e s  w hich a r e  o n ly  m ild ly  p e ra -  

k a l in e ,  th e  r e s id u a l  l i q u id s  show no p r e f e r e n t i a l  enrichm ent i n  e i th e r  

k^G o r Na^O w ith  r e s p e c t  to  th e  a l k a l i  f e l s p a r  p h e n o c ry s ts ,  b u t t h a t  f o r  

s t r o n g ly  p e r a ik a l in e  ro ck s  ( p a n t e l l e r i t e s )  th e  r e s id u a l  l i q u i d s  a re  

p r e f e r e n t i a l l y  e n ric h e d  i n  Na^O w ith  r e s p e c t  to  th e  a l k a l i  f e l s p a r  pheno

c r y s t s  due to  th e  o p e ra t io n  o f  th e  "o?,"thoclase e f f e c t ” , i n  w hich K.JD

p r e f e r e n t i a l l y  combines w ith  th e  Al^O, to  form  o r th o c la s e  in  th e  pheno

c r y s t s  ( n a i l e y  and S c h a i r e r ,  1964*, C hayes, 1964) .
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METHODS CP ANALYSIS

Wet c h e m ic a l m eth o d s: C l a s s i c a l  m ethods w ere u s e d  f o r  SiO^? CaO, and

kgO f o l lo w in g  W ash ing ton  ( 1 9 3 0 ) ?  f u s io n  w i th  Na^CO^ and  d i s s o l u t i o n  i n  

HC1, f o llo w e d  by th e  s e p a r a t i o n  o f  th e  s i l i c a .  The CaO was d e te rm in e d  by 

s e p a r a t i n g  th e  i n s o l u b l e  o x a l a t e ,  and  th e  m agnesium  was d e te rm in e d  a s  th e  

p y ro p h o s p h a te . A f te r  w e ig h in g , th e  m agnesium  p y ro s p h o s p h a te  was d i s s o lv e d  

i n  111 H^SO^, and  th e  Mn i n  t h e  p r e c i p i t a t e  was d e te rm in e d  c o l o r i m e t r i c a l l y .  

The Mn, com puted a s  m anganese p y ro p h o s p h a te ,  was s u b t r a c te d  fro m  th e  Mg.

FeO was d e te rm in e d  by d i s s o l v i n g  th e  sam p le  w i th  e x c ess  ammonium 

m e ta v a n a d a te  i n  HP and  b ack  t i t r a t i n g  w i th  s t a n d a r d i s e d  Pe(HH^) ^(SC^)

A lo0 was d e te rm in e d  by  d i s s o l v in g  th e  sam ple i n  HP, an d  th e n  
2 3

p r e c i p i t a t i n g  th e  R;J+0_  g roup  i n  a l k a l i n e  s o l u t i o n .  A f t e r  r e d i s s o l v i n g ,
2 3

th e  A1o0 7 was s e p a r a te d  i n  an  io n  ex ch an g e  colum n. The A1 was r e p r e c i p -
2 3

i t a t e d  w i th  ML OH, and  d e te rm in e d  a s  A lo0 , ,  d e d u c tin g  P  0_ and  T i0 o*A 2 3 2 0 2
Na^O an d  K^O w ere d e te rm in e d  on  th e  f la m e  p h o to m e te r  u s in g  an  

o x y -h y d ro g en  f la m e ,  a f t e r  t h e  rem o v a l o f  C a , P e ,  and A l ,  w h ich  w ere p r e 

c i p i t a t e d  w i th  ammonia and  CaCO^ i n  o r d e r  to  rem ove any  i n t e r f e r e n c e  from  

th e s e  io n s  (C o o p e r, 1963)« S ta n d a rd s  w ere made up i n  a  2 p e r  c e n t  

ammonium s u lp h a t e  s o l u t i o n  to  o b t a in  t h e  same c o n c e n t r a t io n  o f  M i^ an d  

SO^” a s  i n  th e  unknown s o l u t i o n s  (S h a p iro  and  B ra n n o c k , 1936)«

T o ta l  Pe was d e te rm in e d  c o l o r i m e t r i c a l l y  u s in g  t h e  t r a n s m i t t a n c e  o f
o

th e  o r th o p h e n a n th r o l in e  com plex  a t  5 C8O A ( a  m o d i f ic a t io n  o f  th e  m ethod 

o f  S h a p iro  an d  B ran n o ck , 1936)»

MnO was m ea su red  c o l o r i m e t r i c a l l y  u s in g  th e  t r a n s m i t t a n c e  o f  th e  

p e rm a n g an a te  a t  3242 A? and  t h e  TiO^ was m ea su red  by th e  t r a n s m i t t a n c e
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o f  th e  l ; 2  d ih y d ro x y -b en zen e  3*5 d is u lp h o n ic  a c id  ( ’T iron*) com plex a t
o o

4300 A. P o0_ was d e te rm in ed  by m easu ring  t r a n s m it ta n c e  a t  4300 A by a

s o lu t i o n  c o n ta in in g  th e  m olybdivanadophosphate  com plex (S h ap iro  and

B rannock , 1956) .

X -ray  s p e c tro g ra p h ic  m ethods o f  a n a l y s i s :

The m ajor e lem en ts  P e , Ivin, T i ,  C a, K, A l, P ,  and S i w ere d e te rm in e d  

by th e  X -ray  sp e c tro g ra p h .

The m ethods used  in  t h i s  s tu d y  a re  th o s e  developed  by D r. N o r r is h ,  

o f  th e  C .S .I .R .O . A d e la id e , and Mr, B.W. C h a p p e ll, o f  t h i s  d e p a rtm e n t, and 

a r e  o u t l in e d  b r i e f l y  h e re .

S p e c ia l  m ethods o f  specim en p r e p a r a t io n  a r e  needed  f o r  th e s e  d e t 

e rm in a tio n s .  A summary o f  th e  g e n e ra l  th e o ry  o f  X -ray  sp e c tro c h e m ic a l 

a n a ly s i s  has been  p re s e n te d  by P a r r i s h  (1956)*

The w aveleng th  o f  X -ray s  e m itte d  by a sam ple in c r e a s e  w ith  d e c re a s 

in g  a to m ic  number ( P a r r i s h ,  op . c i t .  , p . 270, P ig . 3)« The e f f e c t  o f  u s in g  

lo n g  w av e len g th  X -rays i s  t h a t  o n ly  th e  s u r f a c e  la y e r  o f  a sam ple i s  

p e n e t r a te d  and e x c i te d  by th e  in c id e n t  X -ray s  (o n ly  5^ a r e  p e n e t r a te d  f o r  

A1 r a d i a t i o n ) .  Hence p a r t i c l e  s iz e  o f  th e  sam ple i s  m ost im p o r ta n t ,  and 

i t  i s  n e c e ssa ry  to  fu s e  th e  sam ple i n  a s u i t a b le  f l u x  to  e l im in a te  p a r t i c l e  

e f f e c t s .

The f lu x  u sed  was made up o f  l i th iu m  t e t r a b o r a t e  ( l i th iu m  has to o  

low an  a to m ic  number to  ab so rb  th e  X -ray s  o f  th e  w aveleng ths u s e d ) ,  l i t h 

ium c a rb o n a te  to  low er th e  f u s io n  te m p e ra tu re ,  and a heavy a b s o rb e r ,  

lan thanum  o x id e . The p re s e n c e  o f  t h i s  heavy a b so rb e r  re d u c e s  th e  e f f e c t s  

o f  n a s s  a b s o rp tio n  and em issio n  o f  e lem en ts  o th e r  th a n  th o se  b e in g  m easu red ,



a s  i t  ’ swamps' th e  e f f e c t s  o f  o th e r  e lem en ts  b eca u se  i t  lias a liig h  mass 

a b s o rp tio n  c o e f f i c i e n t  i t s e l f .

The p ro p o r t io n s  o f  m a te r ia l  u sed  in  th e  fu s io n  m ix tu re  a re !

0 .0 4  mole La^O^, 13*03 gm.

0 .2  mole Li^B^O^HpO 5 1 *8 -̂ gm*

0 .4  mole Li^CO^ 29*55 gm*

The m ix tu re  i s  fu se d  i n  g r a p h i te  c r u c ib le s  a t  1100° -  1200°C fo r  

20 m in u te s , b ro k en  in to  cubes a f t e r  c o o l in g ,  and ground i n  a tu n g s te n  

c a rb id e  'S ieb *  m i l l  f o r  3 m in u tes  to  b r in g  th e  g r a in s iz e  down to  abou t 

2-3  H*

F or each unknown sam ple , th e  fo llo w in g  q u a n t i t i e s  w ere ta k e n !

1 .5000 gm fu s io n  m ix tu re  

0 .0200  gm NaNOy 

0 .2800  gm unknown sam ple.

T h is  i s  th o ro u g h ly  m ixed , fu se d  a t  ab o u t 900°C in  a g o ld - l in e d  p t  

c r u c ib le ,  m ixed w h ile  m o lte n , th e n  poured  on to  a g r a p h i te  d is c  and com pacted 

in to  a c i r c u l a r  b u t to n  w ith  an A1 p i s to n .  The NaPO^ i s  added to  th e  m ix tu re  

to  p re v e n t th e  f u s io n  m ix tu re  a t ta c k in g  th e  g o ld  i n  th e  c r u c ib le .  The 

•»buttons" a r e  f i n a l l y  an n ea led  on a s b e s to s  pads.

The b u t to n s  were th e n  a n a ly se d  by X -ray s  em issio n  sp e c tro g ra p h y .

The equipm ent u sed  f o r  th e s e  a n a ly se s  was m anufac tu red  by P h i l i p s ,  and 

c o n s is te d  o f  a PW 1010 H .T. g e n e ra to r  ( s t a b i l i s e d ) ,  PW 1050 goniom eter 

w ith  flo w  p ro p o r t io n a l  and s c i n t i l l a t i o n  c o u n te r s ,  PW 1520 specim en h o ld e r ,  

and PW 1352 t r a n s i s t o r i s e d  p u ls e  h e ig h t a n a ly s e r ,  t im e r / c o u n te r , r e c o rd e r
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and  p r in to u t  com bination .

The specim ens w ere p la c e d  i n  th e  specim en chamber and bombarded 

w ith  X -ra y s , The e m itte d  X -ray s  from  th e  specim en w ere a n a ly se d  by a 

c r y s t a l  o f  known d s p a c in g , g iv in g  f ix e d  a n g u la r  s e t t i n g s  f o r  th e  r a d i a t 

io n  o f  d i f f e r i n g  w aveleng ths a c c o rd in g  to  th e  B ragg eq u a tio n :

n \  -  2d s in  0

The p u ls e s  w ere co u n ted , and s u b je c te d  to  p u ls e  h e ig h t a n a l y s i s ,  

to  s e l e c t  p u ls e s  from  th e  specim en and e l im in a te  background p u ls e s .  These 

p u ls e s  w ere co u n ted  fo r  e i t h e r  a f ix e d  tim e o r  fo r  a f ix e d  number o f  

co u n ts .

S h o rt d e t a i l s  o f  X -ray  tu b e s ,  a n a ly s in g  c r y s t a l s ,  and c o l l im a to r s  used  

a r e  l i s t e d  below ;

Gr tu b e  44kV22mA For th e  l i g h t  e lem en ts  -  a l l  e lem en ts  l i g h t e r

th a n  T i -  Ga, K , P ,  S i ,  A l.

W tu b e  40kV20mA For lim and F e .

C o ll im a to rs  C oarse  c o l l im a to r ,  480nijJ.,
o

A n aly s in g  c r y s ta l s  L iF  2d = 4 .0 2 8  A Used f o r  F e , Mn, T i ,  Ga,
o

PUT 2d = 8  A Used f o r  K, P ,  S i ,  A l.

Vacuum F or a l l  e lem en ts  l i g h t e r  th a n ,  and in c lu d in g  K.

(X, P ,  S i ,  A l and a ls o  f o r  Ca and T i ) .

C ounters S c i n t i l l a t i o n  c o u n te r :  E lem ents h e a v ie r  th a n  T i .

I n  p r a c t i c e  f o r  most o f  th e  m ajor e le m e n ts , th e  

p ro p o r t io n a l  c o u n te r  was u se d , because  f o r  Fe and 

Mn an e x c e s s iv e  o p e ra t in g  v o l ta g e  i s  needed on th e  

s c i n t i l l a t i o n  c o u n te r  (1600 V )« P r o p o r t io n a l  

c o u n te r :  N ecessa ry  f o r  a l l  e lem ents a n a ly se d  i n  a

vacuum,



Internal drift was overcome by counting a silicate mix standard,

made up by Mr. Chappell (after Dr. Norrish). This was designed to give

a count of from 15>000 counts per second to about 50*000 c.p.s. for the
0

major elements. The time taken to accumulate 10 counts on it was det

ermined before and after each y-k- unknown determinations.

The heavy elements, which usually give high count rates, were counted 

for 40 seconds, while the lighter elements with low count rates were 

counted for 100 seconds. Counting statistics show that the standard 

deviation 6 of N counts is :

s = yit
For the 95 per cent confidence level :

220 = y~r~
Thus for a Ca value of 5 per cent 100 second counts give 20

Al 100 second counts give 26
kg 100 second counts give 26

Broadly the counting error is :

For heavy elements with 40 second counts, 0.01 per cent of element 
light “ " 200 " “ 0.05 per cent " "

Bach specimen is usually counted in duplicate but some are counted

three times. This eliminates accidental errors and spurious pulses.

The sensitivity, which is taken to be 3 times the standard deviation

of the blank, is: for Fe - Pin 0.001-0.002 per cent, P 0.02 per cent, Si,

A1 0.03 per cent, Mg 0.5 per cent and for Na 1 per cent.

The final precision and reproducability is expected to be:

Better than 1 per cent for elements heavier than K
2 per cent for P and Si 
5 per cent for Mg

153

= 0.17 per cent, 
0.008 per cent 

Ca.
= 0.2 per cent 
=0.7 per cent
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A fte r  c o u n tin g  each  sam p le , c o r r e c t io n s  a r e  made f o r  in s tru m e n ta l

dead  tim e , r e s u l t i n g  i n  an in c re a s e  o f  th e  a c tu a l  c o u n ts  p e r  seco n d ,

e s p e c ia l ly  fo r  h ig h  coun t r a t e s .  When co u n tin g  a f ix e d  c o u n t, c o r r e c t io n

i s  s im p ly  a ch iev ed  by s u b t r a c t in g  from  th e  tim e f o r  t h i s  c o u n t, th e  dead

tim e  (-which f o r  th e  P h i l i p s  equipm ent d e s c r ib e d  abovey«2.9  s e c s  p e r
0

c o u n t, w hich i s  2 .9  seconds p e r  10 c o u n ts ) ,  and c a lc u la t in g  co u n ts  p e r  

second . F or f ix e d  tim e  c o u n ts , th e  c o r r e c t io n  i s  a ch iev ed  a c c o rd in g  to  

th e  r e l a t i o n :

T -  jjl N

w here: N = re c o rd e d  numbers o f  coun ts

T = tim e  ta k e n  

yLL = dead  tim e

N* = a c tu a l  coun ts  p e r  seco n d

The count r a t e s  o f  th e  s i l i c a t e  m ix b e fo re  and a f t e r  th e  c o u n tin g  

o f  th e  unknowns w ere a v e ra g e d , and n o rm a lise d  to  an even f ig u r e  th ro u g h o u t 

(s a y  av e rag e  coun t r a t e  was l8>4-2 c o u n ts  p e r  seco n d , n o rm a lise  to  1 8000). 

The co u n ts  p e r  second o f  th e  unknowns w ere a lso  n o rm a lise d  i n  th e  same 

r a t i o .  T h is  p ro c e d u re  co u n te re d  in s tru m e n ta l  d r i f t .

The l i n e a r  f a c to r  g iv in g  th e  ap p ro x im ate  p e rc e n ta g e  o f  each  elem ent 

from  th e  c o u n ts  p e r  second  was o b ta in e d  from  th e  m easurem ent o f  s ta n d a rd  

sam ples whose co m p o sitio n  and hence mass a b s o rp t io n  c o e f f i c i e n t s  were 

known. I n  g e n e r a l ,  G—l  and W-l w ere u se d , b u t f o r  some e lem en ts  o th e r  

an a ly se d  s ta n d a rd s  w ere p r e f e r r e d .  The b la n k  coun t r a t e  was d e r iv e d  i n  

each  case  from  a b u t to n  fu se d  from  s p e c t r o g r a p h ic a l ly  p u re  s i l i c a ,  

excep t o f  c o u rse  f o r  th e  s i l i c a  d e te rm in a t io n ,  w here a b u tto n  o f  sp e c , 

p u re  MgO was u se d . The b la n k  coun t r a t e  was s u b tr a c te d  from  th e  s ta n d a rd ,

th e  m od ified  co u n t r a t e  m u l t ip l ie d  by th e  mass a b s o rp t io n  c o e f f i c i e n t ,  and



th e  f a c t o r  f o r  c o n v e r t in g  coun t r a t e s  to  p e rc e n ta g e  com p o sitio n  d e r iv e d  

from  th e  r e l a t i o n  betw een th e  t r u e  v a lu e  o f  th e  s ta n d a rd  and i t s  count 

r a t e .

k a s s  a b s o rp tio n  co e f f i c i e n t  c a l c u l a t i o n s : For m onochrom atic r a d i a t 

io n  g e n e ra te d  a t  a p o in t  w ith  an  i n t e n s i t y  I  th e n  a t  d is ta n c e  w ith  in te n s 

i t y  I  th e  r e l a t i o n s  a r e :

where (i js l i n e a r  a b s o rp tio n  

co e f f i c i e n t

a b s o rp t io n  c o e f f i c i e n t ,  £  = m a ss /u n it
volume

K = c o n s ta n t

A = mass a b s o r p t io n  c o e f f i c i e n t  

p = c o n c e n tr a t io n  o f  elem ent 

c = co u n ts  p e r  second

For a sam ple c o n s is t in g  o f  many e le m e n ts , th e  to ta l ,m a s s  a b s o rp t io n  

c o e f f i c i e n t  ( f o r  a p a r t i c u l a r  w aveleng th ) i s :

*1 w2
A = 100 âl '  + Too ^ 2 }  + 100 + ..........

w here: w  ̂ = w eig h t p e rc e n t o f  elem ent 1

a^ = mass a b s o rp tio n  c o e f f i c i e n t  o f  e lem en t 1 a t  t h i s  

w a v e -le n g th .

d l ,—— = -  |j. dx

I  e o
-JJ.X

p depends on d e n s i ty ,

I  e “£ -e x
O c

l e t  A = - l - , th e n  —  = K. w herete p
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A m ix tu re  has been  u sed  f o r  making th e  b u t to n s ,  and a t o t a l  mass 

a b s o rp tio n  c o e f f i c i e n t  m ust b e  c a lc u la te d  f o r  th e  fu s io n  mix and NaNO^, 

as w e ll a s  f o r  th e  unknown sam ple ,
o

For c a lc iu m , whose Kgl̂  r a d i a t i o n  has a w ave len g th  o f  3-360 A, th e  

mass a b s o rp tio n  c o e f f i c i e n t  o f  th e  fu s io n  m ix tu re  i s  156,56 (m o s tly  due 

to  th e  La_0_) ,  and th e  NaNO, has a mass a b s o rp tio n  c o e f f i c i e n t  o f  150,19»2 3  3

O th er o x id es  have mass a b s o rp tio n  c o e f f i c i e n t s  a t  t h i s  w aveleng th  o f :

Fe 0 
2 3

254 .2
p 2°5

344.5

MnO 239 .9 S i0 2 318.0

T i0 2 1 5 8 .4 A l2°3 289 .3

CaO 73 2 .7 MgO 264 .3

K2° 9 70 .7 Na20 232 .3

I f  i t  i s  now assum ed t h a t  th e  w hole sam ple c o n s is ts  o f  th e  fu s io n  

m ix, th e n  th e  mass a b s o rp t io n  c o e f f i c i e n t  must be  c o r r e c te d  f o r  th e  mass 

o f  th e  m a te r ia l  i n  th e  b u t to n  w hich i s  n o t f u s io n  mix. T h is  i s  done by 

m u lt ip ly in g  th e  p e rc e n ta g e  o f  th e  t o t a l  mass w hich each c o n t r ib u te s  by th e  

d i f f e r e n c e  betw een th e  mass a b s o rp t io n  c o e f f i c i e n t  f o r  th e  fu s io n  mix 

and th a t  f o r  th e  p a r t i c u l a r  c o n s t i tu e n t .  I f  th e  mass a b s o rp t io n  c o e f f ic 

i e n t  o f  a p a r t i c u l a r  c o n s t i tu e n t  i s  g r e a te r  th a n  th a t  f o r  th e  fu s io n  m ix, 

th e  d i f f e r e n c e  i s  p o s i t i v e .

The fo llo w in g  e q u a tio n  i s  th e n  o b ta in e d :

A = 156.56 -  0 .0111  ( l5 6 .5 6 - i5 O .i9 )  + 0.001556 (9 7 .6 8  x Fe p e r  c e n t)  +

(83 .36  x kin p e r  cen t)  + ..........+ (7 5 .4 2  x Na p e r  cen t)

= 156 .49  + (0 .0 8 4  x Fe p e r  c e n t)  + (0 .0 7 2  x kn  p e r  cen t)  + (0 .0 0 2  x T i p e r

ce n t)  -  (0 .0 2 1  x Ca p e r  c e n t)  + ..........



I n s te a d  o f  e x p re s s in g  th e  mass a b s o rp t io n  c o e f f i c i e n t  a s  an  a b s o lu te

num ber, th e r e  i s  some a d v an tag e  i n  e x p re s s in g  i t  as  a p e rc e n ta g e  o f  th a t

o b ta in e d  i f  th e  w hole sam ple w ere fu s io n  m ix. S in c e  th e  heavy a b so rb e r

La 0 ,  has by  f a r  th e  g r e a t e s t  mass a b s o rp t io n  c o e f f i c i e n t  i n  any b u t to n ,
2 3

th e  r e l a t i v e  mass a b s o rp tio n  c o e f f i c i e n t s  w i l l  o n ly  v a ry  by ab o u t 5 p e r 

c e n t -  from  95 c e n t -  105 p e r  c e n t .  T h is  means t h a t  th e  v a lu e s  d e r iv e d  

from  each  unknown b e fo re  c o r r e c t io n  fo r  mass a b s o rp tio n  c o e f f i c i e n t s  w i l l  

b e  a p p ro x im a te ly  c o r r e c t ,  a f t e r  th e  b la n k  has been  s u b tr a c te d .

A ll  th e s e  mass a b s o rp tio n  c a lc u la t io n s  have been  programmed and ru n  

on an  IBM 1620 com puter. The s i x  o r  e ig h t ap p ro x im ate  elem ent p e rc e n ta g e s  

d e r iv e d  by X -ray  m easurem ents, to g e th e r  w ith  c l a s s i c a l  v a lu e s  f o r  N a, Mg 

and H^O, GO  ̂ w ere fe d  in to  th e  com puter, w hich c a lc u la te d  th e  mass ab so r

p t i o n  c o e f f i c i e n t s  f o r  each e le m e n t, by ta k in g  in to  account th e  v a lu e s  

f o r  th e  o th e r  e le m e n ts . New v a lu e s  w ere o b ta in e d  fo r  each elem en t a f t e r  

c o r r e c t in g  f o r  th e  mass a b s o rp t io n  c o e f f i c i e n t s .  S u b tra c t in g  th e  b la n k  

re a d in g s  from  th e s e  v a lu e s  gave th e  t r u e  v a lu e s  f o r  th e  e le m e n ts .

F o r many o f  th e  a n a ly se d  ro c k s ,  d a ta  has b een  o b ta in e d  f o r  th e  

o x id e  v a lu e s  by b o th  wet chem ical and X -ray  m ethods. The com parative  

v a lu e s  a r e  s e t  o u t i n  T a b le s  No. 25 and No. 26 , and N o. 27

I t  was s t a t e d  e a r l i e r  t h a t  th e  f i n a l  r e p r o d u c i b i l i t y  and p r e c i s io n  o f  

th e  X -ray  s i l i c a  v a lu e s  was exp ec ted  to  be b e t t e r  th a n  2 p e r  c e n t .  I n  th e  

ra n g e  o f  s i l i c a  v a lu e s  found  t h i s  would c o rre sp o n d  to  an  e r r o r  o f  from  1 

p e r  c e n t to  ab o u t 1 .4  p e r  c e n t  i n  s i l i c a .  On com paring th e  c l a s s i c a l  and 

X -ray  s i l i c a  v a lu e s ,  i t  can  be seen  (T ab le  26  ) th a t  i n  o n ly  some o f  th e  

specim ens s tu d ie d ,  does th e  d is c re p a n c y  betw een th e  v a lu e s  d e r iv e d  by th e

two m ethods ap p ro ach  t h i s  am ount. The g r e a t e s t  d i f f e r e n c e  betw een  th e  two



TABLE 25
COlvPARISON OF VALUES FOR ELEbMTS D jg jg S JM ) BY X-RAYS AND BY 

CLASSICAL WEI CKElJCAL METHODS

Rock
No.

MnO

Chem. X -ray

T i02

Chem. X -ray

K2°

Chem. X -ray

P 2°5
Chem. X -ray

5P 0.09 0 .15 2.39 2.40 1.68 1 .4 3 0 .6 4 0 .7 4

10 0 .08 0 .13 2.76 2.76 2.28 1.81 1 .0 4 1 .0 4

BG- 0 .17 0.20 1.68 1.80 4.16 3.36 0 .88 0 .9 5

ÖA 0.13 0 .21 1 .77 1.80 3-39 3.19 0 .9 7 0 .9 5

151- 3A 0.08 0.10 1 .18 1.14 1.26 1 .24 0 .7 4 0 .40

151-3 0 .08 0 .11 1 .12 1.09 1 .43 1.15 0 .51 0 .36

118-2 0 .09 0.15 1.46 1.49 3.60 3 .07 0 .53 0 .5 2

KG 0.15 0.16 0 .8 2 0 . 7 7 . 5 .37 5-26 0 .59 0 .3 1

151-2 0.08 0 .1 4 0 .4 2 0.41 5 .83 5 .5 7 0 .22 0 .1 3

G0V4 0.12 0 .1 4 0 .3 4 0 .3 4 5.32 5 .17 0 .0 2 0 .0 5

7 > 5 0.01 0 .003 0.31 0.29 1 6 .23 6 .11 0 .1 2 0 .1 1

73-12 0.00 0.00 0 .05 0 .12 5 .84 5.00 0.00 0 .0 2

104-E 0 .04 0.001 0 .2 7 0.26 5.30
i________

5.35 0.10 0 .1 2



TA B LE 2 6  1 5 9
Go LP ALLE SON OF VALUES FOR ELEMENTS DETERMINED BY X-RAYS AND BY

CLASSICAL WET CHEMICAL METHODS

R ock
No.

S i 0 2

Chem. X - r a y

CaO

Ghem. X - r a y
A12 °3

Ghem. X - r a y

T o ta l  F e  

Ghem.

as F e 20 ^  

X - r a y

CTS 4 5 -2 0 4 4 .8 1

E7 4 7 . 5 1 4 7 .4 2 9 . 1 5 9 .2 8

5P 4 8 .1 7 4 7 .9 8 9 .7 0 9 .7 6 1 7 .6 7 1 7 .5 3 9 .7 5 9 .7 2

G r l 4 9 . 3 1 4 8 .4 3 7 .7 3 7 . 8 3

10 4 9 . 3 0 4 9 .1 2 8 . 4 7 8 . 5 8 1 7 .6 0 1 7 .1 1 1 0 .8 0 1 0 .4 3

15 5 0 -3 5 5 0 .6 9 6 .7 3 6 .6 8

e 8 5 1 . 6 8 5 0 .4 ) 7 .4 6 7 . 4 3

BG- 5 2 . 6 3 5 3 . 3 6 5 .0 4 5 .1 0 1 5 .8 0 1 6 .0 4 1 0 .2 7 9 . 8 5

ÖA 5 3 .7 6 5 3 .9 0 5 .4 4 5 .1 6 1 6 .0 2 1 6 .2 7 I I . 0 3 1 0 .2 9

151-3A 5 5 .4 7 5 5 . 4 3 7 .4 6 7 . 4 5 1 7 . 4 5 1 7 .7 6

1 5 1 -3 5 6 .2 3 5 5 .8 8 . 7 .9 2 7 .8 4 1 7 .7 1 1 7 .4 0 6 .7 7 6 . 9 3

1 1 8 -2 5 6 .4 2 5 6 .6 6 5 .1 4 5 .0 6 1 6 .9 3 1 7 .0 1 7 .9 5 8 . 1 0

KG 6 0 .1 4 5 9 .7 0 2 .7 3 2 .7 6 1 6 .3 2 1 7 .0 7 6 .0 6 5 . 9 4

1 5 1 - 2 6 2 .9 0 6 2 .6 9 2 .0 4 I . 8 3 1 6 .1 7 1 6 .1 5 4 .8 2 4 .8 0

24 6 5 .5 9 6 5 . 7 3 0 .7 3 O . 3 6

GOV4 6 8 .2 6 6 8 .1 2 0 .8 8 0 .6 8 1 4 .2 8 1 3 .9 5 4 .2 3 5 .0 7

7 3 - 5 6 6 .5 3 6 6 . 1 3 0 . 5 0 0 .6 1 1 9 .0 8 1 8 .7 6 0 .8 7 0 . 5 3

7 > 1 2 7 0 .2 1 7 0 .6 2 0 .0 8 0 .0 9 1 6 .8 1 1 6 .4 6 0 .9 5 0 .9 0

1 0 0 -6 7 2 .9 8 7 2 .7 0

Mt W 7 2 .9 9 7 3 . 4 5

Mt L 7 3 .4 3 7 4 .1 0 0 .4 0 0 .0 4

1 0 4 -E 7 3 .8 2 7 4 .0 4 0 . 5 1 0 .1 1 1 4 .3 9 1 4 .3 1 0 .7 1 0 .6 8

24 C o s s . 4 0 .7 4 4 1 .2 7

T1 t i b i o t 3 6 .5 7 3 6 .1 5

P lp x 4 9 .3 9 4 9 . 3 9

GOV4px 4 9 .9 9 4 9 . 3 2

5Ppx 4 9 .6 4 4 9 .5 6
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TABLE 27

COMPARISON OF VALUES FOR ELEkENTS DlffERLIEED BY X-RAYS ADD BY 

CLASSICAL /VET CHEklCAL i.ETHODS

(Chemical values by Dr. White, X-ray values by M.J. Abbott)

P2°5

Chem X-ray

CTS 0.72 0.73

E8 0.98 0.92

G-r 1 0.71 0.75

E7 0.94 0.93

15 1.37 1.30

24 0.09 0.07

100-6 0.04 0.04

Mt L 0.01 0.08

Mt W 0.04 0.07
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s e t s  o f  v a lu e s  i s  about 1*3 p e r  c e n t ,  and f o r  most o f  th e  d e te rm in a tio n s  

th e  agreem ent i s  much b e t t e r  th a n  t h i s .  I t  seems from  t h i s  work th a t  th e  

a c tu a l  e r r o r  o f  s i l i c a  d e te rm in a tio n s  by th e  X -ray  method can be b e t t e r  th a n  

0 .8  p e r  c e n t .

For th e  alum ina d e te rm in a t io n s ,  th e  e r r o r  betw een th e  c l a s s i c a l  and 

X -ra y  d e te rm in a tio n s  i s  2 p e r  c e n t i n  some c a s e s .  Assuming th a t  w here th e  

d i f f e r e n c e  betw een th e  two v a lu e s  i s  2 p e r  c e n t ,  each  v a lu e  ( c l a s s i c a l  and 

X -ray ) i s  o u t by 1 p e r  c e n t ,  i t  can  be  s t a t e d  t h a t  th e  e r ro r  o f  alum ina 

d e te rm in a tio n s  by X -rays sh o u ld  be b e t t e r  th a n  1 p e r  c e n t .

I n  th e  case  o f  ca lc iu m  d e te rm in a t io n s ,  th e  g r e a t e s t  e r r o r  betw een th e  

c l a s s i c a l  and X -ray  v a lu e s  i s  abou t 1 p e r  c e n t to  1 . 3  p e r  c e n t ,  ex cep t i n  

th e  low er v a lu e s ,  w here som etim es th e  c l a s s i c a l  v a lu e s  a r e  anom alously  

h ig h . T hese h igh  v a lu e s  app ea r to  be due p a r t l y  to  th e  Ca c o n tr ib u te d  by 

th e  r e a g e n ts  ( e s p e c i a l l y  sodium  c a rb o n a te ) .  The e r r o r  o f  X -ray  d e te rm in a t

io n  o f  ca lc ium  sh o u ld  be b e t t e r  th a n  ab o u t 1 p e r  c e n t .

The agreem ent betw een th e  c l a s s i c a l  and X -ray  P 0_ v a lu e s  i s  q u i te
2 5

good, b u t a g a in  some o f  th e  c l a s s i c a l  v a lu e s  a r e  anom alously  h ig h . I t

has been found (S h ap iro  and B rannock , 1956)» t h a t ,  e s p e c ia l ly  w here th e

F e o0 i s  h ig h , th e  m o ly b iv an ad a to p h o sp h a te  c o lo r im e t r ic  method o f  m easuring

P 0 w i l l  g iv e  h ig h  v a lu e s ,  b eca u se  th e  f e r r i c  i r o n  c o n t r ib u te s  to  t r a n s -  
B 0

O
m itta n c e  o f  th e  s o lu t io n  a t  4300 A.

A f u r th e r  s e r i e s  o f  P_0_ d e te rm in a tio n s  w ere c a r r i e d  by B r . A .J .R .
k D

W h ite , on s o lu t io n s  p re p a re d  by th e  p r e s e n t  a u th o r ,  and th e s e  r e s u l t s  

a r e  compared w ith  th e  X -ra y  v a lu e s  i n  T ab le  2 7  • A g a in , th e  agreem ent

betw een th e  two s e t s  o f v a lu e s  i s  q u i te  f a i r ,  a p a r t  from  two v e ry  low 

v a lu e s ,  f o r  w hich th e  X -ray  v a lu e s  a r e  much h ig h e r .
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Because the classical K^O determinations carried out on the flame 

photometer are not regarded as reliable, no inferences can be made 

regarding the relative accuracy of the X-ray and flame photometric 
methods of determining X^Q. However, all the flame photometer figures 
are higher than the X-ray values, pointing to some systematic error.

The agreement between the classical and X-ray values for TiO^j is, 
except for two or three cases, within 1 per cent.

The values of MnO derived by colorimetric methods are systematically 

lower than the X-ray values. However, LnO is low in all cases, and the 
higher X-ray values are due to the choice of a blank. If a higher blank 
is chosen, some of the values are negative, but a blank higher by about 
0.02 per cent would give better agreement between the two sets of values.

The iron values (expressed as Fe 0_) do not show very good agreement2 3
between the two methods of determination. Less confidence can be placed 
in the orthophenanthroline colorimetric values at high Pe concentrations 
because of dilution errors in the preparation of the sample for colorimetry.

In the final statement of analyses for the rocks and minerals, class
ical values were taken for SiO^, FeO, MgO, Na^Q, and H^O, whereas for the 
other oxides the X-ray values were preferred.
Trace Elements:

The trace elements Rb, Sr, Zr, and Ba have been determined in the 
rock samples by X-ray fluorescence, using different methods than those for 

the major elements.

The samples for analysis were prepared by pressing about 2 grams of 

the finely ground rock powder into a button, reinforced by a backing of 

boric acid.
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Because the peak/background ratio of the trace elements is much 

lower than for the major elements, the background must be determined for 

each sample* This was achieved by measuring the background a fixed 

angular distance both above and below the peak. The background counts/ 

second were then averaged and subtracted from the peak counts/second.

This assumes that the background either increases or decreases linearly 

between the angular settings used for eading the background. However, 

the background reading is not a linear function of angular setting (this 

is found by running an optical grade silica disc over the angular range 

involved). A correction must be made for the background curvature.

In the Rb and Sr determinations, the respective Ka peaks are 1,48°

29 apart, and these peaks interact with each other to a certain extent.

The procedure used for the measurement of these elements is as follows:

The peak positions are established by running a standard Ro-Sr sample.

This sample is also run on the Rb and Sr peaks between 3 - 4  unknown 

determinations to correct for instrumental drift, as for the major elements 

(pagedl 33-1 34j • Having found the Rb and Sr peaks, the background is read 

0.74° 29 below the Sr peak, a similar distance above it (this is also 

0.74° 29 below the Rb peak), and 0.74° above the Rb peak. The Sr and Rb 

peaks are also read. These readings are converted to counts per second 

after dead time corrections, and the backgrounds are averaged and subtrac

ted from the peaks which they bracket. To correct for background slop! 

1.32 per cent background is added to Sr peak 

0.84 per cent w ” " " Rb peak
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To c o r r e c t  f o r  th e  t a i l  e f f e c t s  o f , Rb peak  on S r ,  and v ic e  v e r s a :  

1 .0 7  p e r  c e n t o f  Rb peak added to  S r peak  

0 .6 7  p e r  c en t " S r ,f *' M Rb n 

The t a i l  e f f e c t s  have been  c a lc u la te d  by ru n n in g  a sample o f  f i n e l y  

ground s i l i c a  ( l )  Alone*, ( 2) W ith 1000 ppm Rb} ( 3) W ith 1000 ppm S r .

(1) g iv e s  background} (2 ) g iv e s  e f f e c t  o f  Rb on Sr} ( 3) g iv e s  e f f e c t  o f  

Sr on Rb. For th e  Rb, S r ,  and Zr d e te rm in a t io n s ,  th e  mass a b s o rp tio n  

c o e f f i c i e n t s  were m easured  d i r e c t l y .  A known mass o f  ro c k  m a te r ia l  was 

p re s s e d  in to  a h o le  i n  a p e rsp e x  s l i d e ,  th e  h o le  b e in g  o f  known a r e a .  The 

i n t e n s i t y  o f  r a d i a t i o n  g iv e n  o f f  by a sam ple o f  th e  p a r t i c u l a r  e lem ent 

concerned  was m easured a t  th e  a p p ro p r ia te  a n g u la r  s e t t i n g s ,  w ith o u t th e  

ro ck  sam ple i n  f r o n t  o f  th e  s c i n t i l l a t i o n  c o u n te r ,  and a g a in  w ith  th e  

sam ple i n  f r o n t  o f  th e  c o u n te r . The r a t i o s  o f  l / l ^  ( s e e  pagel 55 f o r  

d e f in i t i o n s  o f  te rm s) can th e n  be c a lc u la te d .  Knowing th e  mass o f  th e  

sam ple , and i t s  a r e a ,  and assum ing  a c o n s ta n t th ic k n e s s ,  th e  d e n s i ty  

can be c a l c u la te d .  The mass a b s o rp t io n  c o e f f i c i e n t  (A) can th e n  b e  c a l 

c u la te d  from  th e  fu n c t io n :  _1
ei

A = I n  -r~

and th e  c o n c e n tr a t io n  o f  th e  elem ent can be d e te rm in e d  from  th e  r e l a t i o n :

= K ( c f .  page  1 5 5  )

The mass a b s o rp t io n  c o e f f i c i e n t s  f o r  Ba w ere c a lc u la te d ,  u s in g  th e  

known com p o sitio n  o f  th e  ro c k s .

G—1 and W-l were u sed  to  d e r iv e  th e  c a l i b r a t i o n  c o n s ta n ts  f o r  each



e lem en t. The fo llo w in g  v a lu e s  w ere u sed : ( a l l  ex p ressed  i n  ppm)

Rb Sr Ba

G—1 210 247 1220

W-l 22 186 225

The Ba v a lu e s  a r e  b a se d  on th o se  o f  F le i s c h e r  and S tev e n s  (1962)*, 

th e  Rb and S r v a lu e s  a re  b ased  on is o to p e  d i l u t i o n  d e te rm in a tio n s  (G eophysics 

D ep a rtm en t, A .N .U .) •

B r ie f  d e t a i l s  o f  tu b e s ,  c r y s t a l s  and c o u n te rs  u sed :

W tu b  e Zr

Or tu b e  54kVl8mA Ba

Mo tu b e  54kVl8mA Rb and S r

C o ll im a to rs C oarse  c o l l im a to r ,  480 mji Ba

F in e  c o l l im a to r , 160 mjj, Rb, S r ,  and Z r.
o

C ry s ta l  L iF  2d = 4 .0 2 8  A f o r  a l l  t r a c e  e lem en ts

C o u n te rs : Flow p r o p o r t io n a l  c o u n te r  f o r  Rb, S r ,  and Z r.

S c i n t i l l a t i o n  co u n te r f o r  Rb, S r ,  and Z r.

A vacuum was u sed  f o r  a n a ly s in g  B a, b ecau se  th e  lo n g  w aveleng th

L or. l i n e  was u se d . W ith th e  equipm ent i n  u s e ,  th e  v o lta g e  needed  to  e x c i te
p2

th e  Ba K l i n e  c o u ld  n o t be a t t a in e d .

The s e n s i t i v i t y  o f  th e  t r a c e  e lem ent d e te rm in a tio n s  was abou t 1 ppm 

f o r  Rb and S r ,  w h ile  f o r  Ba i t  was 10 ppm, and f o r  Zr i t  i s  about 5 ppm.

B ecause o f  th e  r e l a t i v e l y  h ig h  e f f e c t s  o f  th e  Rb peak  on th e  Sr p e a k , 

any r e s u l t s  i n  w hich th e  r a t i o  o f  R b:S r i s  g r e a t e r  th a n  1 0 :1  a r e  n o t 

b e l ie v e d  to  have as  h ig h  a p r e c i s io n  a s  th e  o th e r  r e s u l t s .
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CHMSTBY OF TH3 ALKALIKE ROCKS

1AJOR ELEMENTS

The Chemical analyses and C.I.P.W. norms of the alkaline rocks are 

set out in Tables 29 to 64 inclusive, and analyses of two Permian 

calc-alkaline andesites and the chilled contact teschenite are set out in 

Table 36 , and the norms of these rocks are in Table 36 • The rock

numbers, petrographical types, modes of occurrence and localities are 

indexed in Table 28 .
In each of the tables of chemical analyses the Kuno Solidifaticn Index

■f-r---T ^ m— ivf— a----------- V 7? after Kuno et al. (193’7)> "the LarsenMgO + FeC + Pen0 7 + Nao0 + K jO ' ' 92 j eL 2
index (l/3 SiC + K 0 - PeO - MgO - CaO) after Larsen (1938)» and the

Na20 + K 20
peralkalinity ratio where appropriate (molecular — —rr— -— ) have been

A12°3
calculated and tabulated. In the tables of the norms the or, ab, an and

Q, or, ab (where appropriate) ratios, recalculated to 100 weight per cent,

have ueen set out. The weight per cent An in the normative plagioclase and
Fe^+the molecular ratio of — ------  in the normative ferromagnesian

Fe^+ + Mg
minerals are also tabulated.

The most noticeable feature of the analyses of the series of alkaline 

rocks is the relatively differentiated nature of the olivine basalts. The 

most basic olivine basalt (Gr 1) has a Kuno S.I. of 31.5» Rocks with a 

Kuno S.I. less than 33 are partly differentiated*, Kuno et al. (1957) state 

that the parental alkali olivine basalt magma in Hawaii has a S.I. rang

ing, in general, from 43 to 33» in the absence of more basic olivine bas

alts in the saturated alkaline series in the Nandewars, the olivine basalt 

Gr 1 will be considered the ’parent' magma, even though differentiated to
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Rock Number and Type Mode of 
occurrence

Locality

CTS Chilled contact tes- 
chenite

Sill Gulf Creek, east of Mt. 
Bobby Waa

E7 Porpbyritic felspar 
basalt

Plow 3 ndles east of Mt. Dowes, 
east Nandewars.

5P Porphyritic olivine 
basalt

Plow Kaputar Road, 1 mile west of 
Coryah Gap.

Gr 1 Porphyritic olivine 
basalt

Flow Summit of Mt. Grattai.

10 Trachyandesite Plow Kaputar Rd, 2 miles west of 
Coryah Gap.

15 Trachyandesite Plow Kaputar Rd, 2 l/2 miles west 
of Coryah Gap.

EÖ Porphyritic olivine 
basalt

Plow 3 1/2 miles east of Mt. Dowes, 
east Nandewars.

BG Trachyandesite glass Spatter
Cone

Kaputar Road, 11/2 miles west 
of Coryah Gap (above flow 8A)•

8a Trachyandesite Plow Kaputar Road, 1 l/2 miles west 
of Coryah Gap (near BG) •

151-3A Andesite (Permian) Plow l/2 mile north of Bullawa Creek
I5I-3 Andesite (Permian) Plow l/2 mile north of Bullawa Creek
118-2 Alkali syenite ? Oakey Creek, 2 miles upstream 

from the junction with Bullawa 
Creek.

KG Two felspar trachyte Flow 1/2 mile north Killarney Gap.
151-2 Two felspar trachyte Dome 1 mile south Bullawa Creek.
24 Coss. Aeg-aug. Arfv. 

trachyte
Dome Kaputar Road, 1 mile east of 

Upper Bullawa Creek turnoff.
G0V4 Coss. Hed. Arfv.

trachyte
Coulee Summit of the Governor, east 

of Coryah Gap.
7>-3 Comendite Dyke 1 mile north-west of Nobby's, 

Rocky Creek.
73-12 Comendite Dome 1 1 / 2  miles north-west of 

Nobby's Rocky Creek.
100-6 Trachyte Ring Dyke Pound Mountain, Pound Creek.
Mt W Trachyte Dome Mt. Waa.
Mt L Comendite Dome Mt. Lawler.
104_B Comendite Dyke West Pall of Killarney 

Gap.
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TABLE 2 9

CHEMICAL ANALYSES OP NANDEWÄR BASALTS AND THACHYANDESITES 

( a l l  a n a ly s e s  b y  M .J .  A b b o tt)

E7 5P G r 1 10 15 E8 BG 8a

S i0 2 4 7 . 5 1 4 7 . 9 8 4 9 . 3 1 4 9 . 3 0 5 0 .3 5 5 0 .4 0 5 3 . 3 6 5 3 .7 6

Ü 0 2 2 .8 2 2 .4C 2 .2 0 2 .7 6 2 .4 8 2 . 2 3 1 .8 0 1 .8 0

A 12 °3
1 6 . 8 5 1 7 .5 5 1 4 .8 2 1 7 .6 0 1 5 . 8 9 1 6 .3 2 1 6 .0 4 1 6 .2 7

P e 2° 3 4 .2 5 4 .0 6 4 .2 7 5 .1 2 5 .9 2 3 .8 4 5 .7 1 4 . 7 5

PeO 6 .7 1 5 .0 9 6 .4 0 4 .7 8 5 .0 7 6 .3 5 3 .7 3 4 .9 9

ATlC 0 .1 5 0 .1 5 0 .1 6 0 . 1 3 0 .1 7 0 .1 7 0 .2 0 0 .2 1

MgO 5 .6 2 5 .2 7 7 .4 5 3 .0 3 4 .1 0 4 .9 6 2 .7 3 1 .8 9

GaO $ . 2 8 9 .7 0 7 . 8 3 8 .5 8 6 .6 8 7 . 4 3 5 .1 0 5 .1 6

N a20 3 . 4 7 3 .7 5 3 .6 0 4 .1 7 4 .6 8 4 .2 6 4 .2 4 5 .8 0

K2°
1 .0 8 1 . 4 3 1 .9 0 2 .0 6 2 .5 1 1 .8 4 3-36 3 .1 9

P  ip0  r-

h 20 +

0 . 9 3 0 .6 9 0 .7 5 1 .0 4 1 .3 0 0 .9 2 0 .9 2 0 .9 6

0 .5 9 1 .1 3 1 .1 8 0 . 5 0 0 .6 7 1 .0 1 1 .7 3 0 .1 9

H?0~ 0 .1 0 0 .0 6

“ 2
0 .0 1 1 .1 8 0 .0 2 0 .4 0 0 . 0 3 t r 0 .1 0 0 .8 0

Nb20 t r t r t r t r 0 .0 1 t r 0 .0 1 0 .0 1

SrO 0 .1 0 0 .1 1 0 . 0 7 0 .1 0 0 .0 9 0 .0 9 0 .0 7 0 .0 8

21r02 0 .0 2 0 .0 3 0 .0 3 0 . 0 3 0 .0 4 0 . 0 3 0 .0 5 0 .0 5

BaO 0 .1 0 0 .0 6 0 .0 8 0 .0 7 0 .0 9 0 .3 1 0 .1 6 0 .1 5

T o t a l 9 9 .4 9 1 0 0 .5 3  1 0 0 .0 7 9 9 .6 7  1 0 0 .0 8 1 0 0 .1 6 9 9 .4 1 1 0 0 .1 2

nuno
S . I .

2 6 .6 0 2 6 .9 2 3 1 . 5 4 1 5 .8 1 1 8 .4 0 2 3 . 3 4 1 3 .8 1 9 .1 7

L a r s e n
I n d e x - 4 . 6 9 - 2 . 6 4 - 3 . 3 4 + 2 .1 0 +3*44 - 0 .1 0 + 9 .5 9 + 9 .0 7

Kuno S .I * k £ 0 x  100
MgO + PeO + P e 20 3 + N a20 + k 2o

L a r s e n  I n d e x  = 1 / 3  SiO 2 + K2° -
. PeO - MgO -  CaO

L o c a l i t i e s  a n d  r o c k  ty p e  o f  t h e  s p e c im e n s  l i s t e d  i n  T a b le  2 8  .
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C . I . P . I .  NORLS OF NANDEvYAR BüSALTS AND TRACKYANDESITES, FROL ANALYSES 

L IS T E D  IN  TABLE 2 9  .  (SA L E  ROCK NUMBERS AS I N  TABLE 2 9  ) .

E7 5P G-r 1 10 15 E8 BG- 8a

Qz 0 .3 4 4 .5 4

or 6 .3 8 8 .L5 11.23 12.17 14.83 10.87 19.86 18 .85

ab 29.36 31.56 30.46 35 .28 39.60 36.05 35.88 49.08

an 27.21 26.87 18 .67 23 .22 14.94 19 .98 14.81 8.94

wo )
)

en ) d i  
)

f s  )

5.30 3 .88 6 .3 3 4 .1 8 2.97 4 .5 4 1.61 2.23

3.69 2.96 4 .5 5 3.53 3 .28 2.98 1 .3 9 1.35

1 .17 0 .5 2 1.20 0.11 0.21 1 .24 0.76

en ) 5.68 3.08 4 .0 4 4.01 2.43 3 .9 4 5.41 0.46
) hJ

f s  ) 1 .80 0 .89 1.06 0 .1 2 0 .15 1.63 0.26

fo ) 3.20 3.53 6.96 3.11 3.78 2.01
) o l

fa  ) 1 .12 0 .6 8 2.02 0.21 1 .73 1.25
i l 5.36 4.36 4 .18 5 .24 4.71 4 .2 4 3.42 3.42

mt 6 .16 5 .89 6.19 7.42 8 .58 5 .5 7 7.46 6 .8 9

hm 0 .5 7

ap 2.23 1.63 1 .78 2.46 3.08 2.18 2.18 2.27
GC 0 .02 2.68 0 .05 0 .91 0 .0 7 0 .2 3 1.82

H2° 0 .59 1 .13 1 .18 0 .5 0 0 .6 7 1.01 I .83 0 .2 5

R est 0 .22 0.20 0 .18 0 .20 0 .2 3 0 .33 0 .29 0 .2 9

T o ta l 99.49 100.33 100.08 99.69 100.07 100.17 99.48 100.13

o r 10.1 12.6 18.6 17 .2 21 .4 16.2 28.2 24.5

ab 46. 6 47 .2 50.5 4 9 .9 57.1 5 3 .9 50.9 6 3 .8

an 4 3 .3 40 .2 30.9 32 .9 21.5 29.9 20.9 11 .7

Norm
P la g . Wt* 
p e r  cent

48 .1 46 .0 38 .O 39.7 27.4 35.7 29.2 15 .4

100 x FeO 
FeO + MgO 
molec, in  
fem ics.

19 .4 11 .8 1 6 .7 2 .2 4 .5 23.9 0 .0 30.0

L o c a l i t ie s and rock  type o f th e specimens l i s t e d  in  Table 2 8 .



TABLE 31

CHEiVilCAL ANALYSES OF HANDBvVAR TRACHYTES AND COMENDITES 

( a l l  a n a ly s e s  by M .J. A b b o tt) .

L o c a l i t i e s  and ro c k  ty p e  o f  specim ens l i s t e d  i n  T ab le  •

118-2 KG 151-2 24 G0V4 73-5
Si0 2 56.42 60.14 62.90 65.59 68.26 66.53
Ti0 2 1.46 0.77 0.41 0.41 0.34 0.29

A12°3 16.93 17.07 16.15 16.45 13.95 18.76

Pe2°3
FeO

3.50 2 .6 3 1.3V 2 .11 2.47 0.41
4.07 2.98 3.09 1.62 2.34 0 .1 1

MnO 0.09 0.16 0.14 0 .0 8 0.14 tr
IVigO 2.71 0.78 0.61 0.14 0.07 0 .1 1

CaO 5.06 2.76 I .8 3 0.36 0 .6 8 0.61
Na20 5.65 4.87 6.17 7.02 6.26 6.78
k2o 3.07 5.26 5 .5 7 5 .5 7 5.17 6 .1 1

P 0 2 5 0 .5 2 0.31 0.17 0.07 0.03 0 .1 1

h20* 0.87 0.45 C.26 0.18 0.29 0 .1 2

h2°-

°°2
0 . 1C 1.56 0.84 0.04 0.05 0.06

Rb 0 0 .0 1 0 .0 8 0 .0 1 0 .0 1 0 .0 2 0 .0 2

SrO 0.06 0.03 0 .0 1 t r t r t r
ZrO_ 0.04 0.05 0.13 0.09 0 .1 0 0 .1 1

BaO 0.17 0.16 0.05 tr t r 0 .0 3

Total 100.73 100.06 99.71 99.74 100.17 100.16

Luno 14.26 4.72 3.63 O.8 5 0.43 0.81
S .l.
Larsen +10.04 +18.79 +21.01 +2 5 .31 +24.83 +27.46
Index
P eralk- 0.75 0.80 1.00 1.07 1.14 0.95alin ity
Kuno S .l. = 

Larsen Index

MjgO x 100 
ligO + FeO + Fe20

= 1 /3  s i o 2 + k 2o

+ Nao0 + K20 

- FeO - IvigP - CaO

%

N a 2 0  + K 20

a i20
P e r a l k a l i n i t y  = m o lecu la r
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TABLE 32

C .I .P .W . NORMS OF NANDEvVAR TRACHYTES ANB. COMENDITES, FROM ANALYSES LISTED

IN  TABLE 31 . (SAME ROCK NUMBERS, HAVE BEEN USED) .

118-2 KG 151-2 24 G0V4 75-5

Qz 8.68 2.35 3.34 12.46 2.71

C 2.70 0 .2 9
or 18.14 31.09 32.92 32.92 30.55 36.11

ab 47.81 41.21 52.06 53.61 42 .97 57.37
an 11.77 1.81 1 .93
wo )

)
en  ) d i  

)
f s  )

3.89 1.11 0 .45 1.19

2.66 0.31 0 .0 7 0.06

0 .9 2 C.85 0 .42 1 .28

en ) 3.03 1 .9 4 1.21 0 .28 0 .1 2 0 .2 7
) iw

f s  ) 1.05 2.33 3.31 1 .7 4 2.71

fo  ) 0 .7 3
) o l

f a  ) 0 .2 8

a c 0 .1 3 5.11 7.15

i l 2.77 1.46 0 .78 0 .78 0 .65 0 .2 3

mt 3.07 3.81 1 .92 0.50

bm 0.41

ap 1.23 0 .7 3 0.40 0 .1 7 0 .0 7 0.26

n s 0 .4 4

c c 0 .2 3 3.55 1.91 0 .0 9 0 .11 0 .1 4

H2° 0 .8 7 0 .4 5 0.26 0 .18 0 .29 0 .12

R e s t 0 .2 7 0 .3 2 0 .2 0 0 .1 0 0 .1 7 0.16

T o ta l 100.72 1 0 0 .0 8 99.72 99.76 1 0 0 .2 2 1 0 0 .0 0

Qz 10 .7 2 .7 3 .7 14.5 2 .8

or 38.4 37.7 3 6 .6 35.5 3 7 .5

ab 50.9 59.6 59 .7 50.0 59 .7

o r 23.3 42.0 38.7 38.O 41.6 3 7 .8

ab 6 I .5 5 5 .6 6 1 .3 62.0 58 .4 60.1

an 15 .2 2 .4 0 .0 0 .0 0 .0 2 .1

100 x  FeO 
FeO + MgO

2 0 .8 4 7 .6 67 .5 82.5 94.5 0 .0

rn o lec . i n  f e m ic s .  Q
L o c a l i t i e s  and r o c k  ty p e  o f  sp ec im en s l i s t e d  i n  T a b le  cO  .
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TABLE 5 5

CHEtVilOAL ANALYSES OF NANDEVYAR TRACHYTES AID OOMEHDITES 

( a l l  a n a ly s e s  by  M .J . A b b o tt)
L o c a l i t i e s  and  ro c k  ty p e  o f  sp ec im en s  l i s t e d  i n  T a b l e " ' .

7 3 -1 2 10 0 t6 Mt W Mt L 104-E

S i0 2 7 0 .2 1 7 2 .7 0 7 2 .9 9 73 .43 7 3 .8 2

T i0 2 0 .0 5 0 .1 3 0 .2 6 0 .2 5 0 .2 6

a1 2°3
1 6 .4 6 1 3 .2 0 1 3 .4 4 1 3 .9 1 1 4 .3 1

P e2° 3 0 .7 8 2 .6 0 1 .5 1 0 .9 6 0 .6 0

FeO 0 .0 9 0 .5 4 0 .2 8 0 .0 9 0 .0 7

IvinO 0 .0 0 0 .0 5 0 .0 3 t r t r

MgO 0 .3 6 0 .0 8 0 .0 6 0 .1 3 0 .4 5

CaO 0 .0 8 0 .0 9 0 .1 7 0 .0 4  ’ 0 .1 1

Na 0 6 .8 4 6 .0 1 5 .4 6 5 .3 3 4 .7 3

k 20 5 .0 0 4 .5 0 5 .3 3 5 .2 7 5 .3 5

P 0 
2 5

H f

0 .0 0 0 .0 4 0 .0 7 0 .0 8 0 .1 1

0 .4 7 0 .3 1 0 .3 2 0 .1 8 0 .1 2

h2o-

° ° 2 0 .0 5 0 .0 1 t r 0 .0 4 0 .0 3

Rb20 0 .0 3 0 .0 3 0 .0 3 0 .0 2 0 .0 2

SrO t r t r t r t r t r

Z r0 2 0 .0 8 0 .1 9 0 .1 1 0 .1 2 0 .1 0

BaO t r t r t r t r t r

T o ta l 1 0 0 .5 0 1 0 0 .4 8 100 .06 9 9 .8 8 1 0 0 .0 8

lvuno
S . I . 2 .7 5 O.5 8 0 .4 7 1 .1 0 4 .0 2

L a r s e n
I n d e x + 2 7 .8 7 +2 8 .0 2 +2 9 .1 5 + 29 .50 +2 9 .3 3

P e r a l k 
a l i n i t y

Kuno S . I ,  =

1 .0 1 1 .1 2  

MgO x  100

1 .1 0 1 .0 4 0 .9 5

MgO + FeO + F e 2 0 ^ + Na20 + k 2°

L a rs e n  In d e x = 1 /3  S iC 2 + K20 -  FeO -  MgO -  CaO

Na20 + K20
P e r a l k a l i n i t y  = M o le c u la r
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TABLE * 4

C .I .P .Y /. NORI.iS OP NANDEWAR TRACHYTES AND COMENDITES, FROk ANALYSES LISTED 

IN  TABLE 5 5  . (SAIvE ROCK NUMBERS HaVE BEEN USED).

L o c a l i t i e s  and ro c k  ty p e  o f  specim ens l i s t e d  in  T ab le  28  •

73-12 100-6 k t  W Lit L 104-E

Qz 1 0 .9 7 21 .87 22.75 22.66 '2 2 .1 6

G 0 .7 4

o r 29.55 26.59 31.50 31 .14 31.62

ab 56 .83 42 .8 5 39.46 42 .21 4 0 .0 2

an

wo )
)

en ) d i  
)

f s  )

0 .0 3 0 .0 5 0 .1 6

0 .0 3 0 .0 1 0 .0 8

0 .0 4 0 .0 8

en ) 0 .8 7 0 .1 9 0 .0 7 0 .3 2 1 .1 2
) hy

f s  ) 0 .6 9 0 .0 6

fo  )
) o l

f a  )

ac 0 .9 2 7 .06 4 .3 7 2 .55

i l 0 .0 9 0 .2 5 0 .4 9 0 .1 9 0 .1 5

mt 0 .1 5 0 .2 3

hm 0 .36 0 .0 8 0 .6 0

ap 0 .1 0 0 .1 7 0 .1 9 0 .2 6

n s 0 .4 2

cc 0 .1 1 0 .0 2 0 .0 9 0 .0 7

h2° 0 .4 7 0 .3 1 0 .3 2 0 .1 8 0 .1 2

K est 0 .1 1 0 .2 2 0 .1 4 0 .1 4 0 .1 2

T o ta l 100 .49 100.48 1 0 0 .0 7 99 .75 99.98

Qz 1 1 .3 24.0 2 4 .3 23 .6 23.6

o r 3 0 .4 2 9 .1 33.6 3 2 .4 33 .7

ab 5 8 .3 4 6 .9 4 2 .1 4 4 .0 4 2 .7

o r 34 .2 38 .3 4 4 .4 4 2 .5 4 4 .1

ab 6 5 .8 6 1 .7 55.6 5 7 .5 5 5 .9

an 0 .0 0 .0 0 .0 0 .0 0 .0

100 x FeO 0 .0 7 3 .7 4 1 .7 0 .0 0 .0
FeO + kgO 
m olec. in fem ics
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TABLE

ChELICAL ANALYSES OP NANDEWAR ANDESITES AND TESCKENITE

( a l l  a n a ly s e s  by k . J .  A b b o tt)

CTS 191-3A 1 3 1 - 3

S i0 2 4 5 .2 0 5 5 .4 7 5 6 .2 3

T i0 2 2 .4 2 1 .1 4 1 .1 2

A1 2°  3 1 3 .3 9 1 7 .7 6 1 7 .7 1

F e 2° 3 2 .9 7 4 .7 5 3 .4 9

PeO 8 .8 1 3 .0 3 3 .1 0

knO 0 .1 9 0 .1 0 0 .1 1

MgO 1 0 .2 0 4 .8 6 3 .6 3

CaO 1 0 .1 2 7 .4 5 7 .8 4

Na 0 2 .5 1 3 .6 3 3 .4 7

k2c 1 .8 0 1 .2 4 1 . 1 5

P 2°5 
H CT

0 .7 3 0 .4 0 0 .4 3

1 .6 0 0 .4 0 0 .8 8

h2o- • •= -

C°2 0 .0 1 0 .0 1 0 . 0 3

Rb20 t r t r t r

SrO 0 .1 0 0 .0 8 0 .0 9

Z r0 2 0 . 0 3 0 .0 2 0 .0 2

BaC 0 .0 5 0 .0 7 0 .0 7

T o ta l 1 0 0 .1 3 1 0 0 .4 1 9 9 .3 7

Kuno
S . I .

3 8 . 8O 27 .7 6 2 4 .4 6

L a rs e n
In d e x

Kuno S . I .  =

- 1 2 .2 7 +4 . 3 9

i-gO X  100

+ 5 .3 2

MgO + PeC + Pe 0
2  5

+ Na20 + K2Q

L a r s e n  I n d e x — l / 3 L i0 2 + ”• PeO -  kgO -  CaO

L o c a l i t i e s  a n d  ro c k  ty p e  o f  sp e c im e n s  l i s t e d  i n  T a b le 28
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TABLE 6 6

C .I.P .W . NORMS OF NANDEWAR ANDESITES AND TESCHSNITE, FROM ANALYSES LISTED 

IN TABLE 3 5  . ( SAME NUMBERS HAVE BEEN USED).

L o c a l i t i e s  and ro ck  ty p e  o f  specim ens l i s t e d  i n  T a b le  •

CTS I5 I-3 A 151-3

Qz 8.80 11 .61

o r 1 0 .6 4 7 .3 3 6 .8 0

ab 14.60 30 .72 29.36

an 19 .95 28.51 29.35
ne 3 .59

•wo ) 10 .61 2 .41 2 .7 3
)

en ) d i 7 .05 2 .09 2.15
)

f s  ) 2 .80 0 .2 8

en ) 10 .02 6 .8 9
) hy

f s  ) 0 .8 9

fo  ) 12.86
) o l

f a  ) 5 .6 3
i l 4 .6 0 2 .1 7 2 .13

mt 4 .3 1 6 .7 9 5 .06

ap 1 .7 3 0 .9 5 1 .0 2

cc 0 .0 2 0 .0 2 0 .0 7

HO 1 .6 0 0 .4 0 0 .8 8
2

R est 0 .1 8 0 .1 7 0 .1 8

T o ta l 100 .17 100 .38 99.40

o r 23 .5 1 1 .0 1 0 .4

ab 32 .3 bQ.2 4 4 .8

an 4 4 .2 4 2 .8 4 4 .8

lOOxFeO 
FeO + MgQ 23.1 0 .0 8 .9

m oiec. i n fe m ic s .
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a r e l a t i v e l y  i r o n - r i c h  com p o sitio n  ( th e  modal o l i v in e  has a co m p o sitio n  o f

Fa 26
\

I t  w i l l  be n o te d  in  th e  t a b l e  s e t  o u t below  th a t  i n  th e  b a s a l t s  E7,

Fe^+5P, G r 'l  and E8 th e  ----—------------ r a t i o  i n  th e  modal o l iv in e s  i s
F e2+ + kg

much g r e a te r  th a n  th e  co rre sp o n d in g  r a t i o  in  th e  n o rm ativ e  fe rro m a g n esian

m in e ra ls .

Rock

Fe2+ x 100 

F e2+ + kg
m o lecu la r
r a t i o

N orm ative k o d a l

E7 1 9 .4 31.0

5P 1 1 .8 23.0

G-r 1 1 6 .7 26 .0

E8 2 3 .9 34.0

I t  i s  assumed th a t  o x id a t io n  o f  th e  ro c k s  (w hich w i l l  g iv e  h ig h e r 

n o rm ative  m t, and hy , and low er n e ,  i f  p r e s e n t ,  and f s  and fa )  i s  re sp o n s

i b l e  fo r  th e  d is c r e p a n c ie s  i n  th e  r a t i o s  in  th e  t a b le  above. I f  th e  i r o n  

i s  c a lc u la te d  in to  n o rm ativ e  m t, e x tra  s i l i c a  i s  a v a i l a b l e ,  and t h i s  goes 

in to  n o rm ativ e  h y ,  and t h i s  w i l l  accoun t fo r  aome o f  th e  n o rm a tiv e  hy in  

a l k a l i - o l i v i n e  b a s a l t s  (Coombs, 1963 ). An a n a ly s i s  o f  th e  p o r p h y r i t i c  

o l iv in e  b a s a l t  5P (some o f  th e  o x id e  v a lu e s  have been  su b se q u e n tly  amended 

in  t h i s  a n a l y s i s ,  so i t  i s  l a b e l l e d  5 P * ), and th e  norm c a lc u la te d  from  i t ,  

to g e th e r  w ith  a norm c a lc u la te d  w ith  th e  Fe /F e  + Mg r a t i o  a d ju s te d  to  

th a t  o f  th e  modal o l iv in e  (5 ? ”) a re  s e t  o u t in  T ab le  37 . The n o rm ative  

hy i s  low er i f  th e  Fe ' /F e  + kg  r a t i o  i s  a d ju s te d  to  t h a t  o f  th e  modal 

o l i v in e ,  th e  o l  i s  h ig h e r ,  and th e  mt i s ,  o f  c o u rs e ,  lo w er. D e s p ite  a 

change in  th e  fe rro m a g n esian  r a t i o  from  1 1 .1  (no rm ativ e) to  23*0 (modal) , 

and th e  accom panying changes i n  th e  norm, th e r e  i s  s t i l l  some hy and no
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NORM CALCULATIONS NOR TEN OLIVINE BASALT 5P.

NORAS
5P* 5P" SI 5P”

S i0 2 4 8 .1 7 4 8 .1 7 o r 9 .9 3 9 .9 3
TiO? 2 .39 2 .39 ab 27 .58 27.58

A12°3
1 7 .6 7 1 7 .6 7 an 2 8 .62 28.62

Fe2°3 4 .1 1 2 .2 8 d i ,  
l d i

10 .60 9 .18

FeO 5 .0 9 6 .0 0 h e ) 1 .5 2 3 .14
inO 0 .0 9 0 .0 9 en \ 2 .96 0 .8 0
kgO 5.31 5 .3 1 >
CaO 9.70 9.70 f  s  > 0 .4 8 0 .3 1

Na20 3.26 3.26 f o ]
U i

3 .7 4 5 .7 2

1 .6 8 1 .6 8 f a i 0 .6 7 2 .4 7

P 0 
2 5

0 .6 4 0 .6 4 mt 5 .96 3.31
i l 4 . 5 4 4 .5 4
ap 1 .5 1 1 .51

T o ta l 98.11 97 .19 T o ta l 98.11 97.11

k o le c .
2+Fe

O j. 1 1 .1 23.0
Fe + kg

i n  fem ics

5P* a n a ly s i s  o f o l iv in e  b a s a l t ( t h i s  ,a n a ly s is  has su b se q u e n tly

some o x id e  v a lu e s  am ended, see  3P , T ab le  2 9  ) •

5P” r e c a l c u l a t e d  a n a ly s i s  and norm to c o n v e rt th e m o lecu la r F e‘

+ kg  r a t i o  o f  th e  fe rro m a g n esian  m in e ra ls  i n  th e  norm from  th e  

v a lu e  1 1 .1  to  2 3 .0 ,  th e  v a lu e  f o r  th e  modal d i v i n e .
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ne. A similar situation is presumed to exist for all the other olivine 

basalts, and they are all thus saturated in silica. Yoder and Tilley (1962) 

note that oxidation relations increase the Q + hy in the norm, although if 

these normative components are already present, the ultimate course of 

differentiation m i l  not be altered. The trachyandesite glass BG- has quartz 

and hematite in the norm because of the high state of oxidation of this rock.

The SiG^ values for the series have been plotted against the Ivuno 3.1, 

in Big. ^  . The 3iOn is relatively constant in values in the basalts

and trachyandesites, but rises sharply in the two felspar trachytes to the 

comendites. This trend has been noted for other alkaline series with this 

type of graph (e.g. Sagger son and Williams, 1964), but the trend contrasts 

remarkably with that from strongly undersaturated rocks (op. cit., Pig. 13)* 

The two Permian calc-alkaline andesites from the Nandewars plot well above 

the curve for the alkaline series (Pig. 10 ) and this suggests that on a 
Luno 3.1. diagram, the calc-alkaline silica variation against S.I. would be 

a straight line. The Kuno S.I. plotted against silica shows the change 

in silica content of a rock series moving along a differentiation trend in 

the familiar P M  triangle.

The Kuno S.I. has one defect, however, of being constructed mainly 

from one variable, ivigQ. The points on the diagram tend to be crowded into 

the low S.I. region where the MgO is low, particularly for alkaline series. 

In the Nandewar series many extreme differentiates exist in which the kgO 

is very low, and the points for these rocks are concentrated into the low 

S.I. end of the diagram (pig. 10 ). The Larsen (1938) index (1/3 Si02 +
K 90 - FeO - MgP - CaO) is calculated from more variables, and gives a 

better spread of plotted points with both petrographic and chemical types.



Figure 10

Plot of silica against Xuno soliflification index (see text)« In this and the following 
figures, the calc-alkalire andesites are shown in triangleä, and the contact teschenite is 
shown by a circled dot» The other Fändewar rocks are shown by dots.
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The use of Harker diagrams for volcanic rocks, particularly in basalt-trach

yte sequences, is not advisable (Chayes, 1964b). All the oxides (except 

and inO) have been plotted against the Larsen index.
The SiO,-, plotted against the Larsen Index (Pig. 11 ), rises steadily

throughout the series, the rate of increase itself increasing in the late 

differentiates, where the silica reaches quite high values (73.82 per cent 

maximum) .
No trend could be deduced from the plot of alumina against the Larsen

index (Pig. 12), although the comendites 104—E, Mt L, kt W and the trachytes
100-6 and G0V4 have lower alumina, from 13 per cent to 15 per cent. The
alumina content of the contact teschenite is lower than that of the olivine
basalts of the saturated alkaline series.

The TiO^ (Pig. 12 ) decreases steadily with differentiation in the
alkaline rocks, but the values for the Permian calc-alkaline andesites are
much lower than the trend for the alkaline rocks.

The total iron (recalculated as Pe 0.) plotted in Pig. 13 , decreasesk 3
steadily in the basalts and trachyandesites, and this fall becomes more

rapid in the trachytes and comendites. PeO (Pig. 14 ) decreases throughout,

and the comendites 73-5 > 73-12, and 104-E are extremely depleted in PeO.
The PeO values of the calc-alkaline andesites are lower than those in the
alkaline series at equivalent stages of differentiation. Peo0, (Pig. 14 )k 5
rises at first in differentiation from the basalts to trachyandesites, 

and then falls gradually in the trachytes and comendites.

The MgO (Pig. 15 ) and- CaO (Pig. 15 ) decrease steadily in the 
series. The contact teschenite has much higher values for both these oxides 

than the alkaline saturated series.



Larsen index

Figure 11

Plot of silica against Larsen index (1/3 Si02 + K20 - FeO - MgO - CaO).
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The Nao0 (Fig* 16 ) increases from the basalts through the trachy-

andesites to the trachytes, and reaches a maximum in one of the cossyrite 

trachytes. It then falls rapidly in the trachytes 100-6 and Mt W and the 

comendites Mt L and 1C4-M, and this fall is due to the fact that the felspar 

has reached the minimum melting composition of Ab^ADr.^, and subsequent 

differentiation will only add quarts, increasing the quartz/felspar ratio.

All the trachytes and comendites with low Na^O have more than 20 per cent 

normative quartz.

The K p0 (Fig. 17 ) shows a similar trend to the sodium, although it

rises in value more rapidly, but does not decrease as markedly in the final 

differentiates. The calc-alkaline andesites have both lower Nao0 and K 0 

than the alkaline series.

All the oxide values for the contact teschenite plot off the basic 

end of the saturated alkaline trend.

The oxides MgO, FeO + Fe 0 , Nao0 + K 0 have been plotted on the Fiji
c. j 2 2

triangle (Fig. 18). The alkaline series shows little aosolute iron enrich

ment from olivine basalts to trachyandesites. The relatively differentiated 

nature of the olivine basalts can be seen by the fact that the points plot 

comparatively close to the iron - alkalies sideline, revealing impoverish

ment in lüg in comparison to the trends figured by Le kaitre (1962, Fig. 11) 

for various Atlantic Ocean alkaline provinces, and to the Hawaiian trends 

from Macdonald and liatsura (1964) , and the trends of various alkaline 

series plotted by Nockolds and Allen (1954).

After this initial moderate iron enrichment, the dominant trend 

exhibited by the Nandewar series is very extreme alkali enrichment which 

occurs mainly at the expense of the total iron, since nearly all the MgO
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normative compositions in the Q - er - ab system compared to the felspar 

compositions on the or - ab sideline. The preferential enrichment in potash 

is only very small, and not as extreme as proposed by Carmichael (l$62) for 

the strongly peralkaline pantellerites.

The main normative trends shown by the alkaline series can be summar

ised as follows* increase in or up to a limiting value of about 3I-32 

per cent (when the felspar reaches the minimum melting composition)* 

increase of ab up until the trachyte stage of differentiation, and then 

a fall as the amount of normative quartz rises* a steady decrease of an, 

which of course disappears entirely in the peralkaline rocks} a decrease 

of di, hy, and ol, the ol disappearing from the trachytes altogether as 

normative quartz appears*, ana a decrease of mt, il, and ap. As noted 

oefore, the normative component ns appears in only two of the peralkaline 

trachytes (G0V4 and kt W) .

In the two felspar trachyte KG and the comendites 73-5 and 101—E 

normative corundum (C) appears. In the trachyte KG much of the CaO has 

been combined with the large amount of G0r, to form cal cite (cc) , and the 

A1^07 not used to form an calculates as C. It is unlikely that the modal 

carbonate, quite common in this rock, is entirely calcite, but it is prob

ably sideritic, since it pseudomorphs olivine of coriposition of F a ^ . 

kilkinson (1958) records carbonate close to ^iderite in coriposition (70-80 

per cent FeC07) in gabbro teschenites, although this is regarded as a late 

stage (presumably deuteric) mineral. If the carbonate from KG is sideritic, 

then CaO will be released and calculated as normative an and normative 

C will disappear. The amounts of normative C in the comendites 73-5 and
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i s  rem oved a f t e r  th e  t r a c h y a n d e s i te  s ta g e  o f  d i f f e r e n t i a t i o n .  The f i n a l

d i f f e r e n t i a t e s  (7 3 -5 , 7 3 -1 2 , 104-E and hit L) app ro ach  v e ry  c lo s e ly  to  th e

a l k a l i e s  apex  o f  th e  FMA t r i a n g l e .  T h is  extrem e en richm en t i n  a l k a l i e s  i s

u n u su a l and i s  n o t seen  in  any o f  th e  a lk a l in e  s e r i e s  f ig u r e d  by Le M a itre

(1 9 6 2 , F ig .  11) o r  i n  th e  H aw aiian  a lk a l in e  s e r i e s  (M acdonald and k a t s u r a ,

1 9 6 4 ). The Nandewar f i n a l  d i f f e r e n t i a t e s  p o s s e s s  o n ly  q u a r ts  and a l k a l i

f e l s p a r ,  w ith  no fe rro m a g n e s ia n  m in e ra ls  a t  a l l .

The ro c k s  i n  th e  a l k a l in e  s e r i e s  become p e r a lk a l in e  (m o lecu la r r a t i o  
Na 0 + L O
-------- :— — g r e a t e r  th a n  1) when th e  c o s s y r i t e  t r a c h y te  s ta g e  o f  d i f f e r e n t -

A 2°3
i a t i o n  i s  re a c h e d , and th e s e  t r a c h y te s  have p e r a l k a l i n i t y  r a t i o s  from  1 .1 0  

to  1 .1 5 . T h is  c o n t r a s t s  w ith  th e  co m en d ite s , w hich a r e  e i t h e r  j u s t  p e r a l -  

uminous o r  p e r a lk a l in e  ( r a t i o s  ra n g e  from  0 .9 5  to  1 .0 5 )»  The p e r a l k a l i n i t y  

o f  th e  t r a c h y te s  i s  n o t a s  ex trem e a s  i n  th e  p a n t e l l e r i t e s  from  P a n t e i l e r i a ,  

some o f  w hich have an e x c e ss  o f  soda a lo n e  o v e r alum ina (G arm ic h ae l, 1962* 

C hayes, 1962) a lth o u g h  th e  a l k a l i e s  a r e  h ig h e r  i n  th e  Nandewar t r a c h y te s ^  

th e  h ig h  p e r a l k a l i n i t y  o f  th e  p a n t e l l e r i t e s  i s  due to  th e  v e ry  low A i^O ,. 

C h em ica lly , th e  Nandewar p e r a lk a l in e  t r a c h y te s  (Mt W and 100-6 i n  p a r t i c u l a r )  

a r e  c lo s e r  i n  co m p o sitio n  to  th e  com endites ('Commende' ty p e ,  C hayes, 1 9 6 2 ). 

A lthough  th e  n o rm ativ e  a c  a p p e a rs  i n  a l l  th e  p e r a lk a l in e  t r a c h y te s ,  n s 

ap p e a rs  i n  o n ly  two o f  them  (G0V4, n s  = 0 .4 4  and Mt W, n s  = 0 .4 2 ) .

The a n a ly se s  have been  p l o t t e d  i n  th e  CaO -  K^Q -  Nao0 t r i a n g l e  

( F ig .  ^ 9  )•, th e  t r e n d  w ith  in c r e a s in g  d i f f e r e n t i a t i o n  p ro cee d s  away from

th e  CaO apex  to w ard s th e  Na^O -  K^0 s i d e l i n e .  T h ere  i s  o n ly  v e ry  s l i g h t  

p r e f e r e n t i a l  en richm en t i n  p o ta s h  o v e r soda w ith  d i f f e r e n t i a t i o n .  T h is  

f e a t u r e  has a ls o  been  n o te d  ( s e e  s e c t io n  F e ls p a r s )  from  a s tu d y  o f  th e  b u lk
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104-P a re  sm a ll enough to  p e rh ap s  be acc o u n ted  f o r  oy s l i g h t  e r r o r s  in

th e  d e te rm in a tio n  o f  th e  a l k a l i e s  and CaO, w hich w i l l  a f f e c t  th e  amount

o f  n o rm a tiv e  f e l s p a r  fo rm ed , and hence th e  amount o f  A lo0_ u sed .

2+ 9+The Pe*" /P e  + kg  x 100 m o lecu la r  r a t i o s  in  th e  fe rro m a g n esian  min

e r a l s  i n  th e  norm have been  ta b u la te d  (T ab le s  ^ 0  , 32  , and 3 4  ) • The

r a t i o  in c re a s e s  w ith  d i f f e r e n t i a t i o n  from  th e  b a s a l t s  and t r a c h y a n d e s i te s

to  th e  p e r a lk a l in e  c o s s y r i te  t r a c h y te s ,  in  w hich th e  r a t i o  has a maximum

2+v a lu e  o f  abou t 95* th u s  showing th e  r e l a t i v e  Pe enrichm ent o v e r Mg.

T here a r e  e x c e p tio n s  to  t h i s  t r e n d .  I n  th e  b a s a l t s  th e  re a s o n  f o r  th e

n o rm ativ e  m o lecu la r  Pe /P e  + kg  r a t i o s  b e in g  low er th a n  th e  modal v a lu e s

from  th e  o l iv in e s  has been  a s c r ib e d  to  o x id a t io n  o f  th e  ro c k . The d i f f e r -

ence betw een th e  fe rro m a g n e sia n  Pe / p e  + kg  r a t i o s  o f  th e  norm and

th o se  o f  th e  o l iv in e s  in  th e  o l iv in e  b a s a l t s  has a lre a d y  been c o n s id e re d ,

2+  / 2+I n  th e  t r a c h y a n d e s i te  10 th e  Pe /P e  + kg  x 100 r a t i o  i n  th e  a n a ly se d

c lin o p y ro x en e  (2 9 .8 ) i s  much h ig h e r  th a n  t h a t  o f  th e  norm (2 .2 )  , and as

n o te d  b e f o r e ,  r e c a lc u la t io n  o f  th e  norm to  th e  Pe /P e~  + kg  r a t i o  o f  th e

c lin o p y ro x en e  w i l l  d e c re a se  th e  n o rm ativ e  Q tz and hy , and in c re a s e  th e  o l .

The t r a c h y a n d e s i te  g la s s  bG- i s  so o x id is e d  t h a t  no rm ativ e  hm a p p e a rs , 

2+  / 2+ana th e  Pe /P e  ' + kg  m o lecu la r  r a t i o  in  th e  n o rm ativ e  fe rro m a g n e sia n

m in e ra ls  i s  z e ro .

The Pe / P e “ + kg x 100 r a t i o s  i n  th e  no rm ativ e  fe rro m a g n e sia n  min

e r a l s  in  th e  c o s s y r i te  t r a c h y te s  a re  h ig h  and ra n g e  from  74 to  9 5 j a l th o u g h  

th e  t r a c h y te  k t  ,, has a r a t i o  o f  42 . T hese h ig h  fe rro m a g n esian  r a t i o s  a re  

due to  th e  p re se n c e  o f  h e d e n b e rg ite s ,  a r fv e d s o n i te s  and c o s s y r i t e s ,  a l l  

m in e ra l phases w ith  v e ry  l i t t l e  MgO, and a ls o  to  th e  f a c t  th a t  th e  f e r r o u s  

i r o n  e n te r s  th e  n o rm a tiv e  d i  and hy r a t h e r  th a n  com bining w ith  Fe-,+ in
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3+m a g n e ti te ,  s in c e  th e  Fe"' combines w ith  th e  Na to  form  acm ite . The com-

2+ 2+e n d i te s  73-5? 7 3 -1 2 , k t  L and 104-E by c o n t r a s t ,  have m o lecu la r Fe /F e ^  +

kg r a t i o s  in  th e  n o rm ativ e  fe rro m a g n esian  m in e ra ls  o f  z e ro ,  s in c e  th e  o x id -

3+a t io n  r a t i o  i s  h ig h , th e  Fe b e in g  h ig h  enough to  form  n o rm ativ e  hm,

2+as  w e ll as  u s in g  a i l  th e  F e4- to  form  m a g n e tite . F u rth e rm o re , th e  t o t a l
2+

i r o n ,  in  p a r t i c u l a r  th e  Fe , i s  much low er in  th e  com endites th a n  i n  th e  

c o s s y r i t e  t r a c h y te s .

T here  a re  thus c o n t r a s t s  betw een th e  c o s s y r i t e  t r a c h y te s  and th e

com end itesi th e  form er a r e  p e r a lk a l in e  w h ile  th e  l a t t e r  a r e  e i th e r  j u s t

p era ium inous o r j u s t  p e ra lk a lin e * , and th e  c o s s y r i te  t r a c h y te s  have h ig h e r  

2+ 2+Fe /F e  + kg  r a t i o s  in  th e  n o rm ativ e  fe rro m a g n esian  m in e ra ls  a s  w e ll as

h ig h e r  t o t a l  i r o n  ( p a r t i c u l a r l y  FeO) and h ig h e r  t o t a l  ro ck  
FeO + F e20.7 + knQ
— -------- ---------- - r a t i o s  and low er o x id a t io n  r a t i o sFeO + Fe^O^ + MnO + MgO

th a n  th e  com en d ite s. The r e le v a n t  d a ta  a r e  s e t  ou t below !

Fe2°3
F e20^ + FeO

C o s s y r i te  t r a c h y te s  Com endites

24 GOV4 k t  VY 73-5 73-12 k t  L 104-E

T o ta l ro ck  
FeO + Fe 0

FeO + Fe 0 ,  + kgO 9 6 .4 98.6 96 .8 82 .5 7 0 .7 8 8 .9 59.8

T o ta l  Rock 

F e2°5
FeO + F e o0 , 56.6 5 1 .4 8 4 .3 78.9 8 9 .7 91.5 89.5

N orm ative ferrom ag . 

F e2+/F e ^ + + kg  x 100 82.5 94.5 4 1 .7 0 .0 C.O 0 .0 0 .0

P e r a l k a l i n i t y  r a t i o  
Na20 + K20

AT h 1 .0 7 1 .1 4 1 .1 0 0 .9 5 1 .0 1 1 .0 4 0 .9 5

(m o lecu la r)
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The a n a ly se d  ro c k s  from  th e  Nandewar a lk a l in e  s e r i e s  do n o t f u r n i s h  

any exam ples o f  p e r a lk a l in e  t r a c h y te s  w ith  h igh  o x id a t io n  ra tio s* , th e

s im p ly  m ix tu re s  o f  q u a r tz  and a l k a l i  f e l s p a r s  th e  r a t i o  sho u ld  be e x a c t ly  

1 ,  and from  th e  a n a ly se s  o f  f e l s p a r s  (D ee r, Hov;ie and Zussman, 1963> v o l .

f e l s p a r  a n a ly se s  in  t h i s  t h e s i s ) .

The f i n a l  d i f f e r e n t i a t e s  ( th e  com end ites) tr e n d  to w ard s th e  minimum 

m e ltin g  com position  in  th e  system  Q -  o r  -  a o , F ig . 9  , ( T u t t le  and

Bowen, 1958)> and th e  com end ites have from  91*3 to  9*7.4 p e r  cen t o f  Q + ab + 

o r com ponents in  th e  norm* T h is  i s  v e ry  s tro n g  ev id en ce  o f  f r a c t i o n a l  

c r y s t a l l i s a t i o n  o f  th e s e  ro c k s ,  and f u r t h e r  ev idence comes from  a s tu d y  

o f  th e  f e l s p a r s  ( s e e  th e  s e c t io n  on F e ls p a r s ) .

com end ites w ith  h ig h  o x id a tio n  r a t i o s  ■ 

a 1 :1  m o lecu la r r a t i o  o f  Na0U + L^G : k l r0 ..

+ FeO a re  c lo se  to  h av in g

S in ce  th e  com endites a r e

i+) n e a r ly  a l l  th e  i r o n  sh o u ld  be  f e r r i c  ( t h i s  has been  assumed in  th e
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TRAC3 üLi&jfflTS

The t r a c e  elem ents Z r ,  S r ,  3 a ,  and Rb have been  d e te rm in e d  by 

X -ray  f lu o r e s c e n t  sp e c to g ra p h y , and th e  e lem en ts  U, T h , and X have 

been  d e te rm in e d  by by D r. K .S . H e ie r .

V alues a r e  a v a i la b le  f o r  Z r ,  S r ,  3 a ,  and Rb f o r  a l l  th e  a n a ly se d  

ro ck s  in c lu d in g  a l l  th e  a l k a l in e  ro ck s  ra n g in g  from  o l i v in e  b a s a l t s  

to  co m en d ite s , a c h i l l e d  c o n ta c t  t e s c h e n i t e ,  and two P erm ian  c a lc -  

a lk a l in e  a n d e s i t e s .  The U and Th v a lu e s  a r e  a v a i l a b l e  fo r  some 

s e le c te d  ro ck s  from  th e  a l k a l in e  s e r i e s  ( in c lu d in g  th e  c o n ta c t t e s c h 

e n i t e ) .  Z r ,  S r ,  B a, and Rb v a lu e s  a r e  s e t  o u t i n  T ab le  3 8  ; th e  U,

Th, and K v a lu e s  (y - ra y )  to g e th e r  w ith  Th/U , Tfy^K x lc A , and U/X x 1(A 

r a t i o s  a r e  s e t  o u t in  T ab le  3 C *, B a/R b, B a /S r ,  Ba/K x 1 0 ^ , and

Sr/C a x 10^ r a t i o s  and f e l s i c  in d e x  f o r  each  o f  th e'  Ha + X + Ca

ro c k s  a r e  s e t  o u t i n  T a b l© 4 0 -4 1 ;a n d  th e  T h /Z r x 100 r a t i o s  a r e  s e t  o u t 

i n  T a b le s  4 0 —4.1 •

Rubidium ;

The R ubidium  c o n te n ts  o f th e  b a s ic  ro c k s  from  th e  Kandewars in c lu d 

in g  th e  c h i l l e d  c o n ta c t  t e s c h e n i te  and  o l i v in e  b a s a l t s  a r e  low and 

ra n g e  from  20 to  bO ppm. The v a lu e s  f o r  th e  t r a c h y a n d e s i te s  ra n g e  up 

to  60 ppm, and th e  Rb r i s e s  i n  th e  t r a c h y te s  and co m en d ite s , ra n g in g  

from  100 to  250 ppm i n  th e s e  l a t t e r  ro c k s .  The Rb o f  th e  P erm ian  and

e s i t e s  i s  low a t  ab o u t 20 ppm.

The s e r i e s  o f  a l k a l in e  ro c k s  s tu d ie d  g eo ch e m ic a lly  by N ockolds and 

A lle n  (1954) show b a s i c a l ly  s im i la r  ra n g e s  f o r  Rb. The H aw aiian ro c k s  

(op . c i t .  T ab le  11) p o s se ss  a somewhat h ig h e r  Rb th ro u g h o u t, th e  

S c o t t i s h  T e r t i a r y  b a s a l t  — t r a c h y te  s e r i e s  (op . c i t .  T a b le  10) p o s se s s e s



TABLE 58

TRACE ELEMENTS IN NANDEv/AR ROCKS, ALL EXPRESSED IN PARTS PER 

MILLION BY WEIGHT.

( a l l  a n a ly se s  by M .J. A b b o tt, by X -ray  f lu o r e s c e n t  s p e c tro g ra p h y ) .

E l ement I o n ic
ra d iu s

o
A

E7 5P G rl 10 15 E8 BG 8a 118-2

7  ^+Zr 0 .7 9 127 190 218 221 327 208 358 393 > 5
S r2+ 1 .1 2 8I 3 89V 581 856 742 736 627 645 536

Ba2+ 1 . > 868 533 674 666 835 2735 1433 1324 1487

Rb+ 1.4V 19 30 41 38 50 33 68 60 64

E l ement KG 1 5 1 -2 24 GOV4 7 > 5 73 -1 2  100- 6 MtW ktL 104-E

r jZr 345 936 668 722 835 622 1405 811 903 715
Q  2 +Sr 313 82 1 1 15 2 1 5 1 6
* 2+.ba 1479 476 4 8 312 4 12 50 8 28

Rb+ 71 107 116 139 150 25? 281 259 I 85 160

E l ement OTS 1 5 1 -3 4 151-3

Zr 206 166 154

S r2+ 847 687 775

Ba2+ 421 657 642

+
.Q«

 
1

27 20 22

L o c a l i t i e s  and ro c k  ty p e  o f  specim ens l i s t e d  i n  T ab le



1 8 8

TABLE 39

URANIUM AIL THORIUM VALUES FOR NANDEWAR ROCKS, ANALYST K .S. IIEIER. 

ALL VALUES EXPRESSED IN PARTS PER MILLION BY WEIGHT .

CTS E7 5P G rl 10 15 m 8a

u 1 .1 0 .7 0 0 .8 8 1 .0 0 .70 1 .5 1 .7 1 .3

Th 3 .8 2 .2 3-3 4 .2 4 . 3 5 .8 5 .7 4 .9

t V u 3*5 3.1 3 .8 4 .2 8.6 3 .9 3 A 3 .8

Ih /K  x lo 4 2.6 2 .5 2 .7 2 .7 2 .9 2 .8 2 .1 2 .9

U/K x 10* 0 .7 4 0 .7 9 0 .7 3 0 .6 3 0 .3 4 0 .7 2 0 .6 1 0 .76

K p e r  c e n t 1 .49 0 .8 9 1 .2 1 1 .5 8 1.46 2 .09 2 .7 8 1 .70

KG 1 5 1 -2 24 GOV4 73-5
73-12

100-6 Mt W Mt L 104—E

U 1 .8 6 .2 2 .8 0 .8 7 2 .8 3 .3 3 .3 5 .2 4 .1

Th 7 .0 29 .1 1 3 .0 1 6 .8 24.6 4 1 .8 1 9 .2 2 1 .4 1 7 .9

T t/U 3 .9 4 .7 4 .6 19 8.J3 1 2 .7 5 .8 4 .1 4 .2

Th/K  x 104 1 .6 7 .9 2 .8 3 .8 5 .4 11 .0 4 .3 4 .8 3 .8

U/K x 104 0 .4 1 1 .7 0 .6 0 0 .2 0 0 .61 0 .8 7 0 .7 4 1 .2 0 .9 1

K p e r  c e n t 4 .4 3 4 .6 9 4 .6 9 L .42 4 .5 7 3.80 4.4-4 4 .4 2 4 .5 5

In d e x  o f  specim ens and ro ck  ty p e s  in  T ab le  . 73-5  a^d 73-12

i s  a com posite  sam ple, c o n s is t in g  o f  about equal p ro p o r t io n s  o f  each  

com endite . The K v a lu e s  a r e  th o se  o f  H e ie r ,  d e r iv e d , to g e th e r  "with th e  

U and Th v a lu e s ,  by gamma ra y  sp e c tro g ra p h y .
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TABLE 4-Q

TRAGE ELEMENT RATIOS CALCULATED FROM DATA IN TABLES ^ 8  and 3 9  . 

SPECIMEN NUMBERS, ROCK TYPES, AND LOCALITIES A3 IN TABLE 2 8 .

CTS E7 5F G rl 10 15 E8 BG

Ba/Rb 15.6 4 5 .7 17 .8 1 6 .4 17 .5 1 6 .7 82 .9 2 1 .1

B a/S r 0 .5 1 .1 0 .6 1 .2 0 .8 1 .1 3 .7 2 .3
Ba x 10 3 

K
2 8 .5 9 6 .4 A4.8 4 2 .7 38 .9 4 0 .1  17 8 .8 5 1 .4

S r x 103 
Ca 1 1 .7 1 2 .3 12 .9 1 0 .4 14 .0 15 .6 1 3 .9 1 7 .2

P e l s i c  in d e x  
(Na + K )  x 100 31 .7 3 4 .4 3 6 .4 4 3 .2 4 3 .9 5 3 .8 4 6 .9 « 9  0
Na + K + Ca

v J  E 1  •  w

Th x 102 
Zr 1 .8 4 1 .8 3 1 .7 4 1 .9 3 1 .9 5 1 .7 7 1 .4 3

Iv/Rb 552 474 397 385 450 416 464 410

8A 151-3A 151-3 118-2 KG 151-2 24

Ba/Rb 22 .1 32.9 2 9 .2 2 3 .2 20 .8 4 .5 0 .0 3

B a /S r 2 .1 1 .0 0 .8 2 .8 4 .7 5 .8 4 .0

Ba x 103 
K 50.0 6 5 .8 67 .6 5 8 .3 33 .8 103.0 0 .8 7

Sr x 1C3 
Ca 17 .5 1 2 .9 1 3 .8 1 4 .8 15 .9 6 .3 0 .0 4

P e l s i c  in d e x  
(Na + K) x 100

6 5 .3 4 1 .2 38.6 6 5 .1 80 .2 87.5 9 7 .4
Na + K + Ca

Th x 102 
Zr 1 .2 5 2 .0 3 3.11 1 .9 5

h/Rb 442 515 432 398 615 432 398
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TRACE ELEMENT RATIOS CALCULATED FROM DATA IN TABLES * ß  and 3 9  .

SPECIMEN NUivBERS, ROCK TXPE5, AND LOCALITIES AS IN TABLE 2 8  .

G0V4 7 > 5 73-12 100-6 Mt W Mt L 104-E

Ba/Rb 0 .0 6 2 .08 0 .0 2 0 .0 4 0 .1 9 0 .0 4 0 .1 8

B a /3 r 8 .0 20 .8 2 .0 12 .0 1 0 .0 8 .0 4 .6 7

Ba x 10 5
K 1 .9 6 1 .5 1 .0 3 .2 1 .1 1 .8 6 .3

Sr x 10^ 
Ca 0 .0 2 0 .3 ^ 0 .3 3 0 .16 0 .4 2 0 .3 3 0 .7 5

E e l s ic  in d e x  
(Na + l i )  x 100 
Na + K + Ca 94.8 95 .8 9 9 .4 9 9 .3 98.6 99.6 99.0

Th x IQ2 
Zr 2 .3 3 3-37 2 .9 8 2 .3 7 2 .3 7 2 .50

K/Rb 309 358 161 133 171 236 278
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lower Rb values, while the undersaturated Polynesian basalt —  phonolite 

series has much higher Rb throughout. Wager and kitchell (1953) have 

also studied the geochemistry of the Hawaiian alkaline series, and their 

Rb values agree with those of Nockolds and Allen (195^)* The & an<̂  Rk 

contents of the Hawaiian lavas have recently been determined by Lessing 

et al. (1963) by X-ray fluorescent spectrography, and a range of from 

6 ppm for olivine basalts to approximately 120 ppm for trachytes was 

found. Further reference to this study Yd.ll be made in the discussion 
of K/Rb ratios. Si einer (1965) has discussed the geochemistry of a 

strongly differentiated alkaline continental series of rocks from the 

Paresis Complex in South-West Africa, in rock types ranging from gabbros 

and basalts to comendites. The Rb contents of these rocks (op. cit. 

Table 1) are higher than the Nandewars throughout.

K/Rb ratios!

The K/Rb ratios of the Handevvar rocks can be seen in Figure 20 ,

where K per cent is plotted against Rb ppm, using the conventional

logarithmic scales (Ahrens, 1952)*
+ 0 +Rb with an ionic radius of 1.47 A, and K with an ionic radius of

o1.33 A, show close geochemical association, since the sizes of the ions 

are similar and the charges are identical. The larger size of Rb+ in

dicates that it should be concentrated relative to K+ according to the 

Goldschmidt (193^) rules.

Taylor (I965) states that the "normal” K/Rb ratios are considered 

to lie in the range of 100 to 360, averaging about 230} and that any 

ratios outside these limits need some special explanations. This
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r e l a t i o n  has been  observ ed  oy A hrens e t  a l .  (1952) , and from  th e  d a ta  

o f  N ockolds and A lle n  (1954) and  o th e r s .

I n  th e  p lo t  o f  K a g a in s t  Eb (F ig u re  2 0  ) th e  l i m i t s  f o r  "no rm al” 

K/Rb r a t i o s  from  115 to  460 ( fo llo w in g  A hrens e t  a l .  1952) a re  p l o t t e d  

i n  d o t te d  l i n e s ,  k o s t  o f  th e  Nandewar b a s ic  a l k a l in e  ro c k s  have K/Rb 

r a t i o s  on th e  upper l i m i t  o f  th e  s o - c a l l e d  "norm al" r a t i o s  -  i . e .  460. 

The K/Rb r a t i o s  o b served  by L e s s in g  e t  a l .  (1965) in  th e  low p o ta ss iu m  

la v a s  (K 2 p e r  cen t) from  H aw aii a r e  in  th e  ran g e  512-11 . The d a ta  

o f  b o th  Wager and k i t c h e l l  (1953) and N ockolds and A lle n  (195^) i s  

much more v a r i a b l e ,  and th e  K/Rb r a t i o s  ra n g e  from  120 to  1800 , b u t 

an av e ra g e  o f  abou t 230 i s  in d ic a te d  from  N ockolds and A lle n  (195^-) • 

The K/Rb r a t i o s  o f  th e  b a s ic  a l k a l in e  ro ck s  from  th e  P a r e s i s  v o lc a n ic  

p ro v in ce  (S ie d n e r ,  1965) a v e ra g e  abou t 230.

As s t a t e d  e a r l i e r ,  T ay lo r (1965) b e l ie v e s  t h a t  h ig h  K/Rb r a t i o s  

r e q u i r e  some s p e c ia l  e x p la n a tio n , and he s t a t e s  w ith  r e g a rd  to  th e  

h ig h  K/Rb r a t i o s :

" In  summary th e  r e le v a n t  f a c t o r s  seem to  bet

(1) The c o n c e n tra t io n  o f  p o ta ss iu m  i s  n o t s u f f i c i e n t  fo r  K~ 

f e ld s p a r  to  c r y s t a l l i z e .

(2) B arium  i s  p re s e n t  i n  l a r g e  am ounts and Ba^+ w i l l  e n te r  K+ 

p o s i t i o n s  p r e f e r e n t i a l l y .

( 3) Rb+ i s  a t  a d o u b le  d isa d v a n ta g e  i n  t h i s  c o m p e tit io n , e n t-

2+ +e r in g  o n ly  a f t e r  Ba and K .

(4) F e ld s p a rs  o f  com position  O r^A b^A n^C n^ a r e  c lo s e  to  th e  

maximum o f  th e  s u b so l id u s  e x s o lu t io n  c u rv e , i n d i c a t in g

th a t  th e  s in g le  f e ld s p a r  p h ase  i s  l e a s t  s t a b l e ,  and can n o t



tolerate mich substitution of foreign ions in the 

lattice.
(5) If a mineral such as biotite is present, Rb will enter the 

large co-ordination positions, and deplete the magma".

In the basaltic Nandewar alkaline rocks with high K/Rb ratios of 
approximately 460, only factor (l) above could be operating, although 
Ba is present in moderate amounts.

The measurement of the K/Rb ratio of the Hawaiian lavas by Lessing 
et al. (1963)> resulting in a value of 512 - H  indicates that, at 
least for the basic rocks of this province, and also possibly for the 
oceanic mantle, this "high" value is not abnormal.

Taubeneck (1963) suggests that the "normal" value of 240 for the 
K/Rb ratio (Ahrens et al. 1952} modified by Taylor et al. , 1956) has 
little meaning, and he reaches the conclusion that mafic rocks have 
high h/Rb ratios and felsic rocks have low K/Rb ratios. Taubeneck 
further suggests that the Hawaiian basalt K/Rb ratio (512) of Lessing 
et al. (1963) may itself be lower than that for the oceanic mantle.

It has commonly been found that the K/Rb ratio decreases with 
differentiation in a magmatic sequence, due to late stage enrichment 

of Rb relative to K (Rb has a larger ionic radius) (Butler et al. , 1962 

Nockolds and Allen, 1953? 1954, 1956*, Taylor et al., 1956*, Taylor 

and Heier, 1958* Taylor, 1965). This enrichment is shown by the 
Kandewar alkaline series (Table , Figure 20 From an initial

value of approximately 460 in the basalts and trachyandesites, the 

K/Rb ratio decreases in the trachytes and comendites to about 160. This 

decrease in the K/Rb is solely due to Rb enrichment, as at this stage of
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differentiation the K content is almost constant or decreasing slightly 

oecause of the increasing quartz/felspar ratio with differentiation.

Lessing et al. (1963) find that the K/Rb ratio decreases in the 

Hawaiian alkaline series with increasing K, from an initial value of 

512 to a value of 260 in the high potassium lavas. Lessing et al. hold 

that this increase of K/Rd ratio is not due to magmatic differentiation, 

but rather is due to either a mixture of high Rb marine argillaceous 

material to the differentiating lava, or gaseous transfer. To support 

their argument these workers have presented a diagram (op. cit. Pig. l) 

of K/R'b plotted against K per cent showing a constant K/Rb ratio of 

512 for rocks with K up to 2 per cent. When K equals 2 per cent, a 

linear decrease to a K/Rb ratio of 240 (at a K value of 4 per cent occurs, 

due, it is postulated, to a mixture of varying proportions of material 

with K/Rb of 512 and 240 respectively.

Other workers on the Hawaiian lavas have not held that contaminat

ion of the differentiating lava by marine sediments has been a significant 

factor in the evolution of the lavas (kacdonald, 1949} kacdonald 

and Katsura, 1964). The data in Figure 1 of Lessing et al. (1963) could 
just as well be interpreted as a rather steady decrease of Ii/Rb during 

differentiation, the decrease becoming more rapid with differentiation.

The K/Rb ratios of the two Permian calc-alkaline andesites in the 

Nandewars are high (5I5 and 432). Calc-alkaline rocks are usually held 

to be due to the mixing of argillaceous or granitic material -with 

basaltic magmas. Both of these contaminants are assumed to have a low 

K/Rb ratio. The fact that these calc-alkaline andesites can have high 

K/Rb ratios casts some doubt on the hypothesis of Lessing et al. (1963)



that the rocks with low K/Rd ratios in Hawaii are necessarily the 

result of contamination of basaltic magma.

The plot of X/Rb against X per cent (pig. 91 ) for the Nandewar alkaline

rocks shows that for the basic rocks (the olivine basalts, basalts, and 

trachyandesites) the X/Rb ratio decreases slowly as a linear function 

with increasing X$ but as soon as the trachytic stage of differentiation 

is reached, the X/Rb ratio decreases sharply with no further increase 

in X, This indicates that the X is being held constant while the Rb is 

being concentrated in the late fractions.

Butler et al. (1962) point out that, as granites approach the 

ternary minimum in the system XAlSiO - NaAlSiO^ - SiO^, the major element 

composition tends towards uniformity, and only the trace element concen

trations will vary. This appears to be the case in the Nandewar trachytes 

and comendites. Prom study of the felspars (Cf. section on felspars) , 

which have approached very closely to the minimum melting composition 

of Or^-Abg,, with very low An, further differentiation can only lead to 

the increase of the quart^/felspar ratio, while the felspar composition 

remains constant. Thus the K can only decrease slightly, but the Rb is 

concentrated according to the G-oldschmidt rules.

The K/Rb ratios for the Nandewar alkaline series show that a high 

ratio, similar to the Hawaiian alkaline series, is not abnormal, and that 

this ratio will decrease with differentiation, this decrease becoming 

more rapid with late differentiates.

Using the reasoning of Taubeneck (1965) » "the X/Rb ratio of the 

upper mantle beneath the Nandewars must be at least 532» the X/Rb value

195

for the chilled contact teschenite
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Doubt must be cast on the hypothesis of Ahrens et al. (1952) , as 

pointed out by Taubeneck (1965)> that the K/Rb ratio is constant for 

continental rocks, and that this constant is 2j50 (value of Taylor, 1965)«

Strontium and Barium!
2+The Sr content of the Nandewar olivine basalts range from 800 to 

9C0 ppm, and the Sr falls to 6G0-7CG ppm in the trachyandesites, to 

3C0-500 ppm for the alkali syenite and Killarney Gap trachyte, finally 

being almost entirely relieved in the one felspar trachytes and comendites, 

ranging from 1 to 15 ppm, (it has been noted in the section detailing 

the chemical methods that low Sr values where the Rb/Sr ratio is greater 

than IG/1 are subject to higher than normal error. The essential fact 

that the Sr values are very low, however, is still valid). This very 

marked depletion of Sr is quite unusual.

Nockolds and Allen (1954) record the Sr contents of several alkaline 

rock series, and for the Scottish Tertiary series, although the Sr is 

depleted in the late differentiate (5 ppm from an orthophyre) , the 

mugearites in the middle stages of differentiation commonly have higher 

Sr (800-1200 ppm) than the basalts with from 300 to 500 ppm. The 

Hawaiian alkali basalt - trachyte series, the Polynesian alkali basalt 

- trachyte series, and the Polynesian alkali basalt - phonolite series 

also show a gradual rise of Sr with differentiation from the basaltic 

to the mngearitic stage followed by a fall to the trachytic stage 

(Nockolds and Allen, 1954). The alkaline lavas of Gough Island (Le 

kaitre, 1962) also duplicate this Sr trend. The Haster Island basalt - 

alkali rhyolite series is the only one in the literature surveyed to

show the extreme type of differentiation as found in the Nandewars, and



197
the 3r shows a similar steady decrease from basalt to alkali rhyolite.

The data for the Easter Island province is sparse, however (Kockolds 

and Allen, 195̂ -> Table 15).
The strongly differentiated continental alkaline series of the 

Paresis Complex (Siedner, 1965) does not possess high Sr, and in these 

rocks the Sr decreases regularly from 350 ppm in the gaboros and

basalts to 6-20 ppm in the comendites.
2+The Ba of the Nandewar alkaline rocks rises from a value of 

about 55O-85O ppm in the basalts to I3OO-I5OO ppm in the trachyand- 
esites and the hillamey G-ap trachyte (one basalt has 2700 ppm Ba) , 

and is then depleted and falls from 360-450 ppm in two of the trachytes 

to values of from 4 to 50 ppm in the one felspar trachytes and comendites. 
The contact teschenite has a Ba content of 420 ppm, about half that of 

oasalts with equivalent SiO^ in the saturated alkaline series,

Wilkinson (1959) reports even lower values for the Black Jack contact 

teschenites of from 275 to 325 PP^*

The late stage depletion of Ba in the Nandewar comendites is 

marked, but not as extreme as the Sr depletion in the same rocks.

The Scottish Tertiary alkali basalt - trachyte series, the Hawaiian 

alkali basalt - trachyte series, the Polynesian alkali basalt - 

trachyte and alkali basalt - phonolite series, as well as the Easter 

Island basalt - alkali rhyolite series, all show a rise of Ba in the 

middle to late stage of differentiation from a rather low initial 

value in the basalts, and a fall in the Ba in the very late stage 

differentiates (Nockolds and Allen, 1954).
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The Nandewar alkali series does not have as low a Ba value in the 

basalts as other alkaline series, but because of its extreme differ

entiation to comendites the Nandewar late stage alkaline rocks show 

more extreme depletion in Ba "Chan the examples quoted by Nockolds and 

Allen (19.54).

The Gough Island almaline rochs (Le kaitre, 1962) have similar 

Ba contents in corresponding differentiation stages to the Nandewar 

alkaline series. The paresis alkaline rocks (SiecLner, 1965) show an 

overall decrease of Ba with differentiation, but this ^end is irregular.

The extreme depletion of both Sr and Ba in the late differentiates 

of the Nandewar alkaline rocks is not seen in any of the quoted examples 

of geo chemically studied alkaline series, mainly because these series 

lack the extreme differentiates seen in the Nandewars.

Calcium - strontium relations:
2+ 0Heier and Taylor (1959) state that Sr (radius 1.18 A) is often

2+ oregarded as a close associate of Ca (radius 1.02 A; , but it can show
9+ oa close association with Ba (radius 1.54 A) particularly in potash

felspars. Since the Sr can substitute for two elements, Heier and

Taylor (op. cit.) do not expect a simple relationship to exist. If Sr2+

is camouflaged by Ca , it should be concentrated relative to the Ca
2+because of the larger size of the Sr ion. The Sr has been found to 

enter the plagioclase (wager and kitchell, 1951) and does not enter 

pyroxene to any extent, although Wilkinson (1959) reports 150 to 175 
ppm in clinopyroxenes from the Black Jack teschenites. Wilkinson 

further finds up to -4000 ppm Sr in apatites, and it appears that this 

mineral is favourable for the acceptance of Sr.
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From th e  b a s a l t s  and t r a c h y a n d e s i te s  i n  th e  Nandewar a lk a l in e  

p ro v in c e , th e  Sr/C a r a t i o  rem a in s  c o n s ta n t o r  even r i s e s  s l i g h t l y  w ith  

d i f f e r e n t i a t i o n .  The a b s o lu te  amount o f  S r f a l l s ,  because  some i s  be ing  

removed in  th e  p o ta sh  f e l s p a r  component o f  th e  te rn a r y  f e l s p a r s ,  and 

a ls o  in  th e  a p a t i t e ,  which i s  a common c o n s t i tu e n t  o f  th e  t r a c h y a n d e s i te s .  

B ecause Ga i s  b e in g  removed from  th e  magma by p la g io c la s e  and c l in o -  

p y ro x en e , th e  S r/C a r a t i o  rem a in s  re a s o n a b ly  c o n s ta n t .  As soon a s  p o ta sh  

f e l s p a r  becomes a s ig n i f i c a n t  component o f  th e  f e l s p a r s ,  i n  th e  c a l c ic  

a n o r th o c la s e s , and l a t e r  in  th e  s a n id in e -a n o o r th o c la s e  c r y p to p e r th i t e s ,  

th e  Sr i s  c a p tu re d  by th e  p o ta s h  f e l s p a r  com ponent, and i s  a lm o st 

co m p le te ly  removed from th e  magma. The Ca i s  n o t d e p le te d  a t  th e  same 

r a t e ,  and th e  S r/C a r a t i o  f a l l s  r a p id ly  i n  th e  t r a c h y te s  and co m end ites. 

H e ie r and T a y lo r  (1959) f in d  th a t  th e  S r/C a r a t i o  i s  te n  tim e s  a s  g r e a t  

i n  K f e l s p a r  th a n  in  p la g io c la s e ,  i n d i c a t in g  th a t  S r e n te r s  K f e l s p a r  more 

r e a d i ly  th a n  p la g io c la s e .

I n  th e  a l k a l in e  s u i te s  s tu d ie d  Dy N ockolds and A lle n  (1954) > th e  

S r/G a r a t i o s  r i s e  i n  th e  e a r ly  to  m idd le  s ta g e s  o f  d i f f e r e n t i a t i o n ,  th e n  

f a l l  a t  th e  t r a c h y t i c  s ta g e  o f  f r a c t i o n a t io n .  None o f  th e  s u i t e s  s tu d ie d  

has a s  g r e a t  a f a l l  i n  th e  S r/C a r a t i o  a s  in  th e  Nandewar a lk a l in e  ro c k s ,  

b ecau se  none o f  them a re  so d e p le te d  in  S r . The Gough I s la n d  a l k a l in e  

s e r i e s  (Le k a i t r e ,  1962) shows s im i la r  b eh av io u r i n  S r/C a r a t i o s .

B arium  -  p o ta ss iu m  r e l a t i o n s :

T ay lo r (1965) s t a t e s  th a t  Ba^+ ( r a d iu s  1 .3 4  A) s u b s t i t u t e s  o n ly  

f o r  N ( r a d iu s  1 .3 3  Ä) among common c a t io n s .  The B a, b ecau se  o f  i t s  

s im i la r  s i z e ,  b u t h ig h e r  c h a rg e , sh o u ld  be c a p tu re d  by e a r ly  form ing

K. m in e ra ls
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I n  th e  Nandewar a lk a l in e  ro c k s ,  th e  Ba c o n te n t r i s e s  w ith  d i f f 

e r e n t i a t io n  from  b a s a l t s  to  t r a c h y a n d e s i tes from  an av e rag e  v a lu e  

o f  750 ppm to  about l400 ppm. S in ce  th e r e  a r e  no s i g n i f i c a n t  am ounts o f  

p o ta sh -b e a r in g  phases  in  th e  b a s a l t s ,  th e  Ba w i l l  be c o n c e n tra te d  i n  

th e  t r a c h y a n d e s i tes where s i g n i f i c a n t  am ounts o f  K f e l s p a r  o ccu r i n  

th e  te rn a ry  f e l s p a r s  in  th e  p o ta s h  o l ig o c la s e s  and c a l c ic  a n o r th o c la s e s .  

H ere th e  Ba i s  r a p id ly  c a p tu re d  by th e  K f e l s p a r ,  and i s  e f f e c t i v e l y  

removed from  th e  magma. The Ba c o n te n t o f  th e  t r a c h y te s  and com endites 

i s  low , and excep t f o r  one ro ck  (7 3 -5 ) does n o t r i s e  above 50 ppm.

The Ba/K r a t i o  r i s e s  in  th e  e a r ly  to  m iddle s ta g e s  o f  d i f f e r e n t 

i a t i o n ,  a lth o u g h  t h i s  r i s e  i s  s m a ll .  Once K f e l s p a r  becomes a s i g n i f 

i c a n t  component o f  th e  te rn a ry  f e l s p a r s ,  th e  Ba i s  rem oved, and th e  Ba/K 

r a t i o  f a l l s  r a p id l y ,  becoming q u i te  low i n  th e  t r a c h y te s  and co m en d ite s .

T h is  behav iour i s  d u p lic a te d  oy th e  a lk a l in e  s e r i e s  s tu d ie d  by 

N ockolds and A lle n  (1954-) > th e  Gough I s l a n d  a lk a l in e  ro c k s  (Le k a i t r e ,  

1 9 62 ), and by th e  P a r e s i s  Complex a l k a l in e  ro c k s  ( S ie d n e r ,  1965)*

B a/S r r a t i o s !

S ied n e r (1965) has su g g e s te d  t h a t  a c lo s e r  a s s o c ia t io n  sh o u ld  be 

expected  betw een Sr and Ba th e n  betw een S r and K, on th e  b a s i s  o f  

s im i la r  charge  and io n i s a t io n  p o t e n t i a l s .  He c o n s id e rs  (o p . c i t . , p . 125) 

th a t  i f  th e  Ba c o n te n t i s  h ig h , i t  te n d s  to  behave as  a m ajor elem ent 

tow ards S r ,  and e x e r ts  a s i g n i f i c a n t  c o n tro l  o v e r i t s  d i s t r i b u t i o n .
p i o

The sm a lle r  s i z e  o f  th e  Sr io n  ( r a d iu s  1 .1 8  A) r e l a t i v e  to  

th e  Ba~+ io n  ( r a d iu s  1.34- A) in d i c a te s  t h a t ,  a c c o rd in g  to  th e  G oldschm idt 

r u l e s ,  th e  Sr sh o u ld  be removed b e fo re  B a, and t h a t  th e  B a/S r r a t i o
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should rise with differentiation.

The Ba/Sr ratios of the Nandewar alkaline rocks do rise during 
differentiation, and Ba and Sr show a very marked co-variance. This 

feature has also been noted in the Paresis Complex alkaline rocks 

(Siedner, 1965)« Heier and Taylor (1959) find marked co-variance of 
Ba and Sr in alkali felspars from Norwegian Precambrian gneisses, 

granites, and pegmatites, but they state (op. cit., p. 299) '*••• it 
can be seen that the Ba/Sr ratios are not constant and that the ratio 
decreases as the absolute concentration of the two elements falls.”

The Ba/Sr ratios of the Scottish Tertiary alkali basalt - trachyte 

series, the Hawaiian basalt - trachyte series, and the Polynesian 

basalt - trachyte series increase with differentiation (Nockolds and 

Alien, 1954) , as ao the Ba/br ratios for the Gough Island series (Le 

kaitre, 1962).
Heier and Taylor (1959) conclude, for the alkali felspars from 

Precambrian gneisses, granites and pegmatites, that the relative decrease 
of Ca, Sr, and Ba is in the order Ca < Sr < Ba. For the Nandewar 
alkaline series, the relation is Ca <. Ba < Sr, and the Sr/Ca ratios 
decrease and the Ba/Sr ratios increase, respectively, with differentiat
ion.

The discrepancy between these results appears to be due to the 

variable behaviour of Sr^+, which can substitute for either Ca, K, or 

Ba.

Zirconium:
2+Taylor (1965) states that no common cation (except Pe ) is close
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4+ 0in size to Zr (radius 0.79 A) and that it tends to form a separate 

mineral phase, zircon (Zr^SiO^).

The of the Nandewar alkaline rocks rises steadily from values 

120 to 200 ppm in the basalts to a maximum of from 700 to lAOQ ppm in 

the trachytes.

High Zr concentrations are typical of alkaline series, and in all

the alkaline series of rocks studied by Nockolds and Allen (195̂ -) >

the Zr rises steadily with differentiation, a feature also recorded

in the Gough Island alkaline rocks (Le Maitre, 1962).

Wager and kitchell (1951) have stated that zirconium is very

soluble in alkali rich magmas, and they estimate that zircon is pre-

cipated when the amount of Zr rises to or 400 ppm. Wager and

luitchell further state that Zr replaces Ga in pyroxenes, while
5+Degenhardt (1957) believes that Zr replaces NaPe^ , the Zr being 

captured by the Fe^+. Taylor (1965) believes that the Zr can substitute
4+to some extent for Ti , and hence can accompany that element in sub- 

34.siituting for Fe .

Wilkinson (1959) records 200 to 225 ppm Zr in clinopyroxenes 

from the Black Jack clinopyroxenes. No zircon crystals can be observed 

in the olivine basalts from the liandev^ars, and it is suggested that up 

to about 250 ppm the Zr enters the clinopyroxene, but above that amount 

zircon will form as a discrete phase. When the clinopyroxene decreases 

in amount in the trachytes and comendites, all the Zr will enter the 

zircons.

A plot of Zr against x 100 (Figure 22 ) reveals a
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steady enrichment in Zr up to a x 100 ratio of 95* and

then a very rapid increase of Zr occurs for a small increase in the

v "•••••..; x 100 ratio. This trend is the same type as that in theNa + K + Ga
alkaline rocks of the Paresis Complex (Siedner, 1965)«

2The Th/Zr x 10 ratio has been calculated for the Nandewar alkaline 

series, and this ratio is remarkably constant, rising slightly with 

differentiation, and Th and Zr show marked co-variance.

Adams et al. (1959* P« 310) state ’’The ionic radii, high valencies 

and electronegativities of thorium, uranium, cerium, zirconium, and 

hafnium make them a unique and cohesive group that, by virtue of these 

properties, cannot form significant isomorphic series involving major 

rock-forming minerals. Instead these five elements tend to be segregated 

into very minor accessory phases that are dominated by the more abund

ant zirconium and cerium.” They further state that zircon can contain 

a few percent of U and Th which is present either as simple ionic 

substitution as tetravalent ions, or as optically continuous thorite, 

ThSiO^.
o o

Since zirconium (0.79 A) and hafnium (0.78 A) have ionic radii
o oabout 15 per cent less than Th (1.02 A) and U (0.97 A) , it would be 

expected that the Th and U would be concentrated relative to Zr in late 

fractions. This is the observed relation between Th and Zr in the 

Nandewar alkaline rocks. Since the ionic radius of U is closer to 

Zr than Th, U is not concentrated as much relative to Zr as Th. 

Potassium, Thorium and Uranium:

As stated earlier, gamma ray spectrometric analyses have been
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carried out for K. U, and Th on selected alkaline rocks from the Nandewar 

province. These analyses -were carried out by Dr. K.S. Heier. Only 

brief comment on the analyses -will be made here.

The U, Th, and K values, with the Th/U, Tfc/K x 10 ̂ and U/K. x 10̂ " 
ratios are set out in Table 39 > and the graphs of U ppm against X per
cent, Th ppm against K per cent, and Th ppm against U ppm are plotted in 

Figures 23 > 24- , and 23 respectively.
Heier et al. (1964) have studied the Th, U, and K. in Hawaiian 

lavas and reach the following conclusions (p. 238)*
H(l) A strong coherence between thorium, uranium and potassium 

exists in most rock types.
(2) The concentrations of thorium, uranium and potassium 

increase with petrogenic evolution, and the relative 
enrichment is thorium > uranium > potassium, resulting
in an increase in the thorium/potassium, uraniun/potassium 

and thorium/uranium ratios.

(3) During normal magmatic fractionation the variation in 
the ratios of these elements do not exceed one order 

of magnitude.”
The conclusions of Heier et al. (1964) are valid also for the 

alkaline rocks studied in the Nandewars, although differences in 

detail are due to the extreme fractionation present in the Nandewar 

trachytes and comendites.
The U varies from 0.7 ppm in an olivine basalt to from 5.2 ppm to 

6.2 ppm in the trachytes«, the Th varies from 2.2 ppm in the olivine 

basalts to from 20 ppm to 40 ppm in the trachytes and comendites*
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and the £ increases from 0.9 per cent to a maximum of 4.7 per cent in 
the trachytes.

The U/K x 104 ratios are reasonably constant for the olivine 
basalts, basalts and trachyandesites (0.61 - 0.79) but increase in 
the trachytes and comendites, ranging up to 1.7 (cf. Pig. 25 ). This
increase in the U/h ratio occurs because the K is nearly constant in 
the trachytes and comendites, but the U increases steadily.

The Th/K x 104 ratios are steady at about 2.8 in the olivine 
basalts, basalts, and trachyandesites, but rise in the trachytes, rang

ing up to 11 (cf. Pig. 24 ), this rise also being due to steady K 
values with rising Th.

This rise in both the U/K and Th/K ratios occurs at the same point 
at which the K/Rb ratios begin to decrease sharply, and the same 

explanation is offered: at the trachytic and comenditic stage of
fractionation the K content is held constant because the alkali felspar 
has reached the minimum melting composition, and this remains constant 
with further fractionation.

The Th/U ratio increases steadily with differentiation (cf. Pig. 25 ) 
although there are some anomalously high Th/U ratios among the trach
ytes. This rise in Th/U ratios is due to the concentration of Th 
relative to U, a result of the larger size of Th (radius 1.02 A) than

I . oU' (radius 0.97 A), and occurs according to the G-oldschmidt rules.

The strong association and co-variance of Zr and Th, and also Zr and U, 

indicates that the U and Th substitute as tetravalent ions in the zircons, 

and U will be accepted into this mineral before Th.
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In this Section, various petrogenetic aspects of the alkaline volcanics 
are discussed. The relative stability of the ferromagnesian minerals in 
the peralkaline trachytes, in particular the cossyrite, has been related 
to the synthetic stability data now available (Ernst, 1962). The reasons 
for the development of peralkalinity in the trachytes is also discussed, 
ana finally the relation between the teschenites and the saturated alkaline 

series and their respective differentation trends, are compared and con

trasted. Some conclusions as to the age of the Nandewar volcano have been 

drawn.
Stability of the ferromagnesian phases in the peralkaline trachytes!

The relative stability of the ferromagnesian minerals in the cossyrite 
trachytes, and the oxidation conditions under which they have crystallised 
can be considered in relation to experimental data (Ernst, 1962). In 
Ernst's study, the stability of riebeckite - arfvedsonite solid solutions 
crystallised from the bulk composition NaQ0.5FeO . 8SiO.„ + excess H O 

(where x varies from 1.1 to 1.2) under various conditions of oxygen partial 
pressures and various fluid (H^O) pressures were determined. Synthetic 
Ti-free aenigmatite was found in runs with F^  ̂less than 1,000 bars and

2 « it
partial pressures of oxygen defined by the magnetite - wustite and wustite - 
iron buffers. The field stability of aenigmatite is defined on the low 

temperature side oy the reaction of fayalite + acmite to aenigmatite + 

quarts + 0^, and on the high temperature side by the incongruent melting 

of aenigmatite (+ quarts + fluid) to fayalite + melt + oxygen. As Kelsey 

and mcKie (1964) note, the stability field of natural Ti-bearing cossyrite
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w i l l  be l a r g e r  th a n  th a t  o f  th e  s y n th e t ic  T i - f r e e  a e n ig m a ti te .  F u r th e r -  

m ore , th e  a d d i t io n  o f  CaO, w hich can e n te r  th e  fe rro m a g n esian  phases  

h e d e n b e rg i te , a r f v e d s o n i te  and x a to p h o r i te  would a ls o  a l t e r  s t a b i l i t y  

r e l a t i o n s .  I t  would be ex p ec ted  th a t  w ith  th e  a d d i t io n  o f  CaC to  th e  

s y n th e t ic  system  in v e s t ig a te d  by E rn s t  (op . c i t . )  , h e d e n b e rg ite  would form  

i n  ro u g h ly  th e  same f i e l d  as  f a y a l i t e .  The b u lk  com position  u sed  by E rn s t 

i s  a lso  b l  f r e e .  From an in s p e c t io n  o f  th e  s t a o i l i t y  d iagram s o f  E rn s t 

(1 9 6 2 , P ig . 6 -  I2C) th e  fo llo w in g  r e l a t i o n s  w ith  f a l l i n g  te m p e ra tu re  

(assum ing a c o n s ta n t  o r  f a l l i n g  p a r t i a l  p r e s s u r e  w ith  f a l l i n g  te m p era tu re ) 

a r e  assumed to  e x is t*

For su lk  c o m p o sitio n s  w ith  r e l a t i v e l y  h ig h  CaO I

1 . At h ig h  p a r t i a l  p re s s u re s  o f  oxygen ( in  th e  re g io n  d e f in e d  by th e  

m a g n e tite  -  h e m a tite  b u f f e r ) :

m a g n e tite  w ith  i lm e n i te  ( e i t h e r  in  s o l id  s o lu t io n  o r  as a d i s c r e t e  

p h a s e ) , h e m a tite  o r  rnaghem atite (B udding ton  and L in d s le y ,  1964) fo llo w e d  

by a e g e r in e , and f i n a l l y  r i e b e c k i t e .

2. A t low p a r t i a l  p re s s u re s  o f oxygen ( i n  th e  r e g io n  d e f in e d  oy th e
it tt

m a g n e tite  -  w u s t i te  and w u s t i te  -  i r o n  b u f f e r s ) :
it

U 1 v o sp in e l- r ic h  m a g n e ti te ,  fo llo w ed  by h e d e n b e rg ite ,  c o s s y r i t e ,  and 

f i n a l l y  k a to p h o r i t i c  am phioole.

For ou lk  co m p o sitio n s  w ith  r e l a t i v e l y  low CaO:

1 , A t h ig h  p a r t i a l  p r e s s u r e s  o f  oxygen (d e f in e d  by th e  m a g n e tite  -  

h em a tite  b u f f e r ) :

m a g n e tite , w ith  i lm e n i te ,  h e m a tite  o r  rn aghem atite , fo llo w ed  by a em it e 

and f i n a l l y  r i e b e c k i t e .
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2* At low partial pressures of oxygen (defined by the magnetite -

M Hwustite and wustite - iron buffers):
»»Ulvospinel-rich magnetite, followed oy fayalite, cossyrite, and finally 

arfvedsonite.

If equilibrium conditions of crystallisation were realised, reaction 

of each of the phases would occur, and only the lowest temperature 

members would remain (the alkali amphiboles). If non-equilibrium conditions 
prevailed (the common condition in volcanic rocks) a reaction series as 
proposed by Upton (1964) would exist.

The ferromagnesian assemblages encountered in the Nandewar alkaline 

trachytes are!

1. magnetite - hedenbergite - cossyrite - riebeckite - arfvedsonite 
solid solution.

2. magnetite - hedenbergite - acmite solid solution - cossyrite - 
riebeckite - arfvedsonite solid solution.

3. Titanomagnetite - hedenbergite - acmite solid solution.
4. magnetite - hedenoergite - acmite solid solution - cossyrite - 

katophoritic amphibole.

5. Riebeckite - arfvedsonite solid solution alone.
The occurrence,of hedenbergite places assemblage 1 in the high

calcium - low partial pressure of oxygen class outlined above^ assemblage

2 is intermediate between the low and high CaO classes, still with low

Pq , but higher than assemblage 1/*, assemblage 3 is 4n the high CaO class,
with P between the high and low values (the hedenbergite-acmite compos- 

2
ition is assumed to be rather similar to the analysed hedenbergite from 

trachyte GCV4, as this assemblage occurs in a rock of the same assumed
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bulk composition as G0V4, and is in the same flow)*, assemblage 4 has

formed under similar conditions to assemblage 2, except that the p pre-
2

vailing when the katophorite crystallised was lower and the temperature 

was higher (hiyashiro, 195*7) than that of the equivalent stage of assemb

lage 2* and assemblage 5 has formed oy slower cooling at low partial 
pressures of oxygen with rather low content of CaO (it is significant that 

the rock containing this assemblage 100-6 forms a large body, and has 

coarser microsyenitic patches, indicating slow cooling).

Carmichael (1962) believes that the assemblage fayalite + ilmenite 

is antipathetic to the existance of cossyrite, and suggests that a reaction 

relationship m y  exist, and that with increasing partial pressures of 

oxygen the amount of pyroxene precipitating, and its soda content, should 

increase, as well as increasing the amount of magnetite and possioly il

menite at the expense of fayalite and cossyrite (op. cit., p. 108).

The assumed stability relations for both relatively high - CaO 

compositions (Pig. °6 ) and relatively low Ca composition (Fig. 27 )

for the Ti bearing ferromagnesian phases have been drawn, being based on 

the stability of synthetic Ti and Ca-free phases crystallised from the 

bulk composition Na O.pFeO., . 8Si0o + excess H O, as deduced by Ernst

(1962).

The field of stability of the amphiboles shown in the diagram of

Ernst (op. cit. , Fig. 11B) does not consist of one constant amphibole

composition, but consists of compositions varying in a regular manner with

temperature and partial pressure of oxygen, and Ernst indicates that in

the lower p higher temperature portion of the amphibole field, the 
°2

composition approaches arfveusonite, and as the rises and temperature
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f a l l s ,  th e  am ph ibo les become r i c h e r  i n  r i e b e c k i t e .  W ith th e  a d d i t io n  o f  

CaO to  th e  sy stem , a k a to p h o r i t i c  am phibole (Na^GaPej^’F e ^ ’S i ^ l  G ,̂, ,(0H) 

D ee r, Horde and Zussman, 1963? v o l 2) can form , k iy a s h iro  (195V) in d ic a te s

t h a t  k a to p h o r i te  form s a t  a h ig h e r  te m p e ra tu re  th a n  a r f v e d s o n i t e ,  and  th e

3+lo v e r  c o n te n t o f  Fe i n  k a to p h o r i te ,  compared to  a r f v e d s o n i t e ,  in d i c a te s  

a low er p  f o r  k a to p h o r i te  fo rm a tio n  th a n  f o r  a r f v e d s o n i te .  Thus k a to 

p h o r i t e  would form  a t  th e  h ig h  te m p e ra tu re ,  low P end o f  th e  am phibole

s t a b i l i t y  f i e l d  ( E r n s t ,  1962 , P ig .  1 2 ) ,  and th e  p o s tu la te d  r e l a t i o n s  a r e  

shown in  P ig s .  26 and 27 i n  t h i s  t h e s i s .

Por th e  h ig h  CaO s t a b i l i t y  d iag ram  (P ig . 26 ) ,  th e  f i e l d  o f  heden- 

b e r g i t e  i s  shown a s  s e p a ra te  from  t h a t  o f  a c m ite , b u t  th e r e  would be  a 

co n tin u o u s  g ra d a t io n  i n  co m p o sitio n  betw een th e  two p y ro x en es . W ith f a l l 

in g  te m p e ra tu re  and r i s i n g  P_ th e  p y roxene  would be  e n ric h e d  in  a c m ite .
2

T here  i s  e x te n s iv e ,  i f  n o t co m p le te , s o l i d  s o lu t io n  betw een h e d e n b e rg ite  

and acm ite  (Y ag i, 1962} and from  th e  re c o rd e d  o c c u rre n c e  o f  homogeneous 

c lin o p y ro x e n e  o f  th e  ap p rox im ate  co m p o sitio n  A c^H e  q i n  t h i s  s tu d y ) .

B a i le y  (I963 ) s t a t e s  t h a t  acm ite  may p o s s ib ly  b re a k  down w ith  f a l l i n g  

te m p e ra tu re  to  g iv e  a s t a b l e  am phibole f i e l d ,  a r e l a t i o n  in d ic a te d  by

th e  work o f  E rn s t  (1962) , w here , w ith  f a l l i n g  p^  and te n p e r a tu r e  th e  amph

ib o le  s t a b i l i t y  f i e l d  i s  re a c h e d  from  a f i e l d  o f  ac m ite  s t a b i l i t y .

F e r a l k a l i n i t y  i n  th e  t r a c h y te s :

The developm ent o f  p e r a l k a l i n i t y  i n  a lk a l in e  s e r i e s  i s  a p rob lem  

w hich has engaged th e  a t t e n t i o n  o f  many p e t r o l o g i s t s .  C arm ichael and 

L ac llen z ie  (1963) have s t a t e d  th e  problem ! th e  s t r o n g ly  p e r a lk a l in e  p an - 

t e l l e r i t e s  have d ev e lo p ed  by d i f f e r e n t i a t i o n  from  p era lum inous t r a c h y te s  

i n  P a n t e l l e r i a .
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Bowen (194-5) h&s n o te d  th a t  in  th e  sy stem  a l b i t e  -  n e p h e l in e  -  w o lla s -  

t o n i t e  p u re  a l b i t e  f a i l s  to  c r y s t a l l i s e  in  l i q u id s  c o n ta in in g  a l im e -b e a r 

in g  com ponent, and p la g io c la s e  form s r a t h e r  th a n  a l b i t e ,  and t h i s  phenomenon 

has been term ed th e  ’’p la g io c la s e  e f f e c t ” . T h is  ’’p la g io c la s e  e f f e c t ” w i l l  

a p p ly  in  any s y n th e t ic  sy stem  c o n ta in in g  sin a l b i t e  component and a G a-bear

ing  com ponent, th e  CaO w i l l  be p r e f e r e n t i a l l y  ta k en  up by p la g io c la s e ,  and 

th e  r e s u l t i n g  l iq u id s  w i l l  t r e n d  tow ards u n d e r s a tu r a t io n  o f  A lnO,  w ith  

r e s p e c t  to  a lk a l i e s  ( p e r a l k a l i n i t y ) . C arm ichael and M ackenzie (1965) have 

shown th e  t h e o r e t i c a l  consequences o f  th e  ’’p la g io c la s e  e f f e c t ” f o r  l i q u id s  

o f  t r a c h y t i c  com position  in  th e  Di-An-Ab sy stem . The l i q u i d s ,  w hich l i e  

on th e  Ab-Di jo in  a t  th e  95 p e r  c e n t Ab -  5 p e r  cen t D i p s e u d o - e u te c t ic  p o in t ,  

w i l l  le a v e  t h i s  b in a ry  j o i n  and become e n r ic h e d  in  sodium  s i l i c a t e  b eca u se  

o f  th e  f a i l u r e  o f  p u re  a l b i t e  to  c r y s t a l l i s e .  B a ile y  and S c h a i re r  (1964) 

a r e  o f  th e  o p in io n  th a t  th e  ’’p la g io c la s e  e f f e c t ” o n ly  o p e ra te s  i f  th e r e  i s  

a m o lecu la r excess o f  Na + K. + Ca o v er A1, t h a t  i s ,  i f  t h e r e  i s  no n o rm a tiv e  

corundum in  th e  ro ck .

C arm ichael (1964) has found a n a tu r a l  exam ple o f t h i s  ’’p la g io c la s e  

e f f e c t ” from  a k e n y te , w here an i n i t i a l  l i q u i d  w ith  5 .8  p e r  c e n t n o rm ativ e  

An has p r e c i p i t a t e d  ab u n d an t, r e l a t i v e l y  A n - r ic h  f e l s p a r ,  o f  co m p o sitio n  

O n ^ b s y irjr:_ , le a v in g  a r e s id u a l  l i q u i d  w hich i s  p e r a l k a l i n e ,  hav ing  4 .2  

p e r  cen t n o rm ativ e  acm ite . T h is  ro c k  i s  s t r o n g ly  u n d e r s a tu r a te d ,  b u t th e  

’’p la g io c la s e  e f f e c t ” sh o u ld  a ls o  a c t  in  o v e r s a tu r a te d  sy stem s.

In  th e  Nandewar o v e r s a tu r a te d  a l k a l in e  r o c k s ,  i t  has been  o b se rv e d  

t h a t  th e  a n a ly se d  f e l s p a r  p h e n o c ry s ts  have more An th a n  th e  b u lk  n o rm a tiv e  

f e l s p a r  co m p o sitio n s . The r e le v a n t  d a ta  i s  s e t  o u t below !
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Rock No. 24 G0V4 KG

B ulk rock
p e r a l k a l i n i t y  
r a t i o

1 .0 7 1 .1 4 0 .8 0

Bulk norm, 
f e ls p a r

or 38,0 41 .6 42 .0
ab 62 .0 5 8 .4 55-6
an 0 .0 0 .0 2 .4

A nalysed
f e ls p a r s

o r 4 0 .3 39.5 4 2 .2
ab 5 8 .9 59 .9 5 4 .3
an 0 .8 0 .6 3 .5

or 3 7 .4 39.9 4 0 .0
ab 6 1 .4 39.1 53 .9
an 1 .2 1 .0 4 .1

or 33-9
ab 58 .2
an 7 .9

The b u lk  ro ck  com positions o f  t r a c h y te s  24 and G-GV4 a re  p e r a l k a l i n e .  A 

s im i la r  s i t u a t i o n  e x i s t s  in  th e s e  t r a c h y te s  a s  G arm ichael (1964) had des

c r ib e d  f o r  th e  under s a tu r a te d  k e n y te , a lth o u g h  th e  f e l s p a r s  a r e  l e s s  

e n ric h e d  in  An. The Ca going  in to  th e  f e l s p a r s  i s  w ithdraw n from  th e  

n o rm ativ e  f  errom agnesian  m in e ra ls  ( th e  py roxenes) w hich become en ric h ed  

in  a l k a l i e s ,  and th e  modal m in e ra ls  such  a s  a l k a l i  p y ro x en es , a l k a l i  

anrphiboles and c o s s y r i te s  c r y s t a l l i s e .

The d a ta  fo r  th e  p e r  alum inous t r a c h y te  AG i s  a lso  ta b u la te d .  Here 

th e  f e l s p a r s  a re  a lso  r i c h e r  in  An th a n  th e  n o rm a tiv e  f e l s p a r  component o f 

th e  ro ck  (a lth o u g h  t h i s  n o rm ative  An i s  low b eca u se  o f  th e  fo rm a tio n  o f



normative calcite, as explained before, the modal carbonate is most likely 

sideritic), out this has not produced peralkalinity in the rock. The con
tinuance of this "plagioclase effect" results in peraikaline cossyrite 

trachytes such as 24- and G0V4.

Carmichael and Mackenzie propose that the "plagioclase effect" no 
longer operates once the liquids become peraikaline, and any calcium 
remaining in the liquid is incorporated in clinopyroxenes. Bailey and 

Schairer (1964), however, believe that the "plagioclase effect" does not 
cease to be viable when alkali excess is achieved. The formation of the 
anorthite molecule will be severely inhibited in a peraikaline liquid, but 
not stopped.

The comendites in the Nandewars are either just peraluminous or just 
peraikaline - theoretically the peralkalinity ratio should be no greater 
than 1, since the rocks merely consist of alkali felspar and quartz. It 
would appear that the "plagioclase effect" ceases when the Ca content of 
the magma is very low, as in these comendites. The reason why peraikaline 
liquids should develop (giving cossyrite trachytes), and then with further 
differentiation liquids which are not peraikaline at all (giving the 
comendites) is not clear.

The withdrawal of large amounts of plagioclase in the 'big felspar' 
basalts in the early stages of differentiation undoubtedly removes large 
amounts of kl^) from the magma, and should enhance the ultimate development 

of peralkalinity, or at least initiate this trend. Bailey and Schairer 

(1964) envisage a similar situation existing for alumina saturation and 

undersaturation as that which exists for silica saturation and undersatur
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ation - a slight excess of alumina over Na + K + Ca will be accentuated
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with differentiation, and similarly a deficiency of alumina will also be 

accentuated with fractionation. In the latter case, an excess of alkalies 

alone over alumina should develop because of the ’’plagioclase effect”.

The two alkaline rock types and their differentiation?

The scarcity of olivine basalts, and their differentiated nature, is 

quite unusual, and is not found in many of the volcanic alkaline provinces 

on which work has been published.

The chilled contact teschenite is strongly undersaturated and quite 

basic. Differentiation of similar teschenites leads to strongly undersat

urated derivatives, analcite syenites (Wilkinson, 1958) >  the felsic norm

ative components of which plot in the undersaturated low temperature trough 

of the SiC9-NaiilSiC^-KAlSiO^ system (Bowen, 193^) > petrogeny’s '’residua 

system”, falling on the NaAlSiO -MISiO side of the NaAlSi^Og-KAlSi^Cg 

join. The analcitite shows some of the features of this differentiated 

composition. Furthermore, the occurrence of nepheline in the norm of 

the teschenite places the composition on the silica-poor side of the critical 

plane of silica undersaturation of Yoder and Tilley (1962, Fig. 1) in the 

Di-Qz-Fo-Ne tetrahedron. Yoder and Tilley (op. cit.) state that a nepheline 

normative rock could oy oxidation pass into hypersthene and quartz normative 

types. It is true that the oxidation ratio of the olivine basalt G-r 1 from

higher than that for the contact teschenite CTS (23*3) • However, the CaO 

and mgO is higher in the teschenite than in the olivine basalt, and pyroxene 

and olivine would have to be removed from the teschenite magma to give a 

basalt of the composition of G-r 1, but as noted before, removal of these

the saturated (hy normative) is

phases leads to an undersaturated alkaline residuum. The trace element
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d a ta  ( i n  p a r t i c u l a r  th e  ha) c a s ts  doubt on th e  d e r iv a t io n  o f  th e  s a tu r a t e d  

o l i v in e  b a s a l t s  from a magma o f  t e s c h e n i te  co m p o sitio n . I t  i s  th e r e f o r e  

concluued  .h a t th e  te s c h e n i te  and a n a l c i t i t e  have been  d e r iv e d  from  a 

d i f f e r e n t  magma th a n  t h a t  which i s  th e  p a r e n t  o f  th e  s a tu r a t e d  a lk a l in e  

s e r i e s .  The te s c h e n i te  has been  in t ru d e d  a t  an e a r l i e r  s ta g e  th a n  th e  

e x tru s io n  o f  th e  s a tu ra te s ,  a lk a l in e  v o lc a n ic  ro ck s  ( in  some c a se s  th e  

t e s c h e n i te  s i l l s  have been in t ru d e d  oy t r a c h y te  d y k e s ) . The s ta te m e n t o f 

„ • 'ilsh ire  and B inns (1961 , p . 186) th a t  th e  a n a l c i t i t e  s i l l  w ith  u l t r a b a s i c  

x e n o l i th s  i s  one o f  th e  f e e d e rs  to  th e  a lk a l in e  la v a s  and p lu g s  o f  th e  

Nandewar m ountains i s  re g a rd e d  a s  i n c o r r e c t .

T h is  does n o t r u l e  ou t th e  p o s s i o i l i t y  t h a t  th e  te s c h e n i te s  and a n a l-  

c i t i t e s  on th e  one hand, and th e  s a tu r a te d  a l k a l in e  s e r i e s  on th e  o th e r ,  

co u ld  have been  d e r iv e d  from  a common p a re n t  m a te r ia l  a t  d e p th  i n  th e  m a n tle . 

Y oder and T i l l e y  (1962) and K u sh iro  and Kuno (1963) have b o th  o u t l in e d  p ro 

c e s se s  oy w hich a s in g le  p a r e n t  b a s ic  m a te r i a l ,  e i th e r  e c l o g i t i c  o r p e r id o t -  

t i t i c ,  cou ld  g iv e  bo th  s a tu r a t e d  ( t h o l e i i t i c  and s a tu r a te d  a l k a l in e  b a s a l t s )  

and  u n d e rs a tu ra te d  (n e p h e lin e  n o rm ativ e  b a s a l t s )  d e r iv a t iv e s .  No p ro c e ss  

o c c u rr in g  a t  th e  s u r fa c e  o r in  th e  upper c r u s t  seeu.s c a p a b le  o f  acc o u n tin g  

f o r  th e  d i f f e r e n c e s  betw een th e  two ty p e s ,  o r th e  t r a n s i t i o n  betw een them.

i.acuonald  (1949) has p ro p o sed  t h a t  th e  o l i v in e  and c lin o p y ro x e n e  r i c h  

ro c k s  in  H awaii have form ed by th e  g r a v i t a t i v e  s e t t l i n g  o f  o l i v in e  and c l in o 

pyroxene in  th e  magma cham ber, th e  su b seq u en t ta p p in g  o f  t h i s  l a y e r  r e s u l t 

in g  in  e ru p tio n  o f o cean ic  es and a n k a ra m ite s . The s c a r c i t y  o f  o l i v in e  

b a s a l t s  in  th e  Nandewar p ro v in c e  s u g g e s ts  th a t  a la y e r e d  magma chamber 

e x i s t e d ,  and t h a t  o n ly  th e  upperm ost l e v e l s  have been  ta p p e d . The o ccu rren c e  

o f  p h en o cry s ts  in  th e  o l iv in e  b a s a l t s  and ’b ig  f e l s p a r ’ b a s a l t s  in d i c a te s
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chat there was a period of intrateiluric crystallisation. The long period 
of tectonic stability in the crust in the region of the Nandewar Mountains 
would have enhanced settling of phenocrysts in a subjacent magma chamber.

t

The eruption of the ’big felspar' basalts with abundant phenocrysts of 

plagioclase suggests the existence of a region in the magma chamber enriched 
in plagioclase. Macdonald (1949) notes that removal of olivine in excess 
of stoichiometric proportions could yield quartz normative derivatives.

After the eruption of the Dasalts and trachyandesites which formed 
the shield volcano, there was a long period of erosion to form the erosion 

caldera. Both Edwards (1935? 1938a) and Macdonald (1949) propose that 
small satellitic, cupola like chambers developed in Victoria and Hawaii, 
respectively in which further differentiation was greatly enhanced. In
creasing pressure of volatiles in these chambers would eventually force 

intrusion into overlying structural weaknesses. Edwards (1938a) further 
postulates that anorthociase phenocrysts will rise to the top of these 
chambers, and will appear in the trachytic rocks subsequently extruded and 
intruded into higher levels of country rock. The appearance of anorthociase 
phenocrysts in some of the trachytes of the Nandewars with features suggest
ing intrateiluric crystallisation and disequilibrium with the magma in 
which they were enclosed, supports this view.

The restriction of the extremely differentiated comendites in the 

Nandewards to the northern portion of the volcanic area, and of the cossyrite 
trachytes broadly to the southern area supports Edwards (op. cit.) and 

Macdonald (19*4-9) in their view of small cupola shaped chambers, forming tore 

efficient differentiation ceils than the larger magma chamber which 

supplied the oasalts and trachyandesites, existing in localised areas of
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volcanic provinces.

The non-vesicularity of "uhe trachytes and comendites, and the lack 

of trachytic tuffs in the Nandewars, shows that the intrusion and minor 

extrusion of the trachytes was a relatively quiet process. It further shows 

that the volatile pressure in the cupola—like magma chambers was not very 

great. If volatile pressure had been great, volatile streaming (Edwards,

I935) would have given alkali enriched, perhaps phonolitic trachytes.

All the mineral0gical evidence (the felspars and clinopyroxenes in 

particular) and the chemical evidence point to the development of the 

IT andewar alkaline series by processes of crystal fractionation. The 

normative saiic constituents of the differentiated trachytes and comendites 

trend towards to the silica saturated minimum in the residua system 

haaloiO. -KA13i0SiO (Bowen, 193^) • All documented cases of volcanic 

provinces where the processes of crystal fractionation have operated show 

chat the saiic constituents of the residual liquids migrate to the low 

temperature trough of the residua systems the Otago province (Benson,

1941) j l.iorotu (Ya i, 1953) > Mauritius (Walker and Ni col ay sen, 1954)*, 

Blackjack teschenites (Wilkinson, 1958)» Gough Island (Le läaitre, 1963), 
and many other provinces.

Carmichael (1963) is of the opinion that in rock series where contam- 

ination has been an important factor (in the calc-alkaline series) the bulk 

normative felspar components of the rocks will plot in the two felspar field 

in the An-Ab-Or system. None of the plotted points in the Nandewar alkaline 

series (dig. t ) enter this field, most of the normative felspar1 com

positions actually defining the limit of the field of solid solution (Tuttle 

and Bowen, 1958). Hence any contamination which has occurred in the Handewars
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is minor. The continuous nature of the chemical trends, and the absence of 

xenocrysts and xenolixhs of foreign material in the lavas, and the pro

gressive nature of the variation of the felspars and clinopyroxenes, further 

supports xhe view of little or no contamination.

Age of the voicanism;
Solomon (1964) has made a sxudy of xhe mount warning Shield Volcano 

from a geomorphological viewpoint. The volcano is very similar to the 

Nandewar volcano, and it is situated in xhe Eastern Australian region, on 

the I ,S.w. - Queensland border near the coast. It consists of an eroded 

shield now forming an erosion caldera, with central trachytic plugs now 

evident in the eroded central area (mount Warning, Lount Barney and mount 

Alford complexes) . Furthermore, the volcanic shield lies over a mesozoic- 

Palaeozoic sedimentary contact. Solomon concludes (op. cit., p. 11) that 

the volcano is late Tertiary in age, perhaps pliocene. The Nandewar shield 

volcano is very similar geo morphologically, and in the absence of any 

direct dating evidence, a roughly sindlar a e is postulated for the 

Kandewars - late Tertiary, or perhaps earlier. The mount Warning Shield 

Volcano is ax present in a much wetter climate than the Nandewars, and it 

is to be expected that erosion would be more rapid than in the Nandewars. 

rroad contemporaneity between the two provinces can be assumed.

It appears xhat widespread tensional tecxonic movements occurred in 

xhe mid- to Late-Tertiary in Lastern Australia, and that volcanic activity 

has occurred at any place where sufficient crustal weakness existed.

Erosion of the uplifted Permian orogenic belt in the New England area would 

produce isostatic readjustments (Voisey, 1959a) and flexing and movement 

along the margin of this belt, as in the Nandewar mountain region, and also
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near mount .Yarning. These tectonic conditions are those shown by Tilley 

(1958) to oe favourable to the development of alkaline volcanic activity.
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